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<X AN ‘OLD STAGER’ 
IN THE NEW WORKS 


Inside the Kew transformer 
works, Stafford. an * English 
Electric’ veteran that has given 
long consistent service is here 
seen being * re-tanked’ after 
overhaul. This \OMVA 66 
unit was installed at York for 
the Central Electricity Board 
in 1931. It is now back in 
operation at Hornsey, London. 


Editorial 


HE pumped storage hydro-electric scheme at Fre stiniog in 
North Wales, which is likely to be the largest in the world 
when complete, is expected to be in ope ration next vear. 

The colour centre plate of this issue indicates progress at the site. 
An even larger pumped storage scheme however is now in hand, 
using Loch Awe in Scotland as the storage reservoir. In this 
scheme reversible Francis pump/turbines will be emploved. 
These 148,000 1 37,000hp units, two of which are to be 
supplied by The English Electric Company, will be installed 
in an underground power station at Cruachan, Argyllshire. 
Other equipment being supplied by * English Electric’ includes 
two 111 MVA motor gerne units, governors and * Straight- 
flow * valves of 6 ft diameter, 80 tons in weight. 

Such pump storage schemes, because of their peak-load 
character, combine ideally as system partners with the base-load 
nuclear power stations which will within the next four vears 
generate approximately 10°, of the total planned ULK. 
capacity. At the site of the largest of these latter stations 
on the U.K. system—that at Sizewell in  Suttolk—civil 
engineering work is now well in hand. Whereas in the early 
nuclear stations the concept of the reactor power plant itself 
was the primary consideration, with the civil design made to 
conform, in the case of Sizewell there was a closer parallel 
investigation of all engineering features in the initial stages ; 
one outcome of this is the incorporation of two reactors within 
one common building. Features of this station and the other 
that is under construction by the English Electric, Babcock & 
Wilcox and Tavlor Woodrow Atomic Power Construction 
Company—that at Hinkley Point—are reviewed in this issue. 

The article by Mr. Gardner in this issue looks bevond the 
nuclear power station of today to the direct conversion of the heat 
of nuclear fission into electric power without the intermediary of 
turbines or other moving parts. This has already been demon- 
strated on a laboratory scale, but betore this technique can be 
exploited for large-scale use in nuclear power stations much 
fundamental work needs to be done on the behaviour of thermo- 
electric and thermionic materials under intense nuclear irradiation 
at high temperatures, In the nuclear laboratories of the Company 
at Whetstone, near Leicester, a group of theoretical physicists is 
being assembled to commence work on such basic problems. 


ADICAL changes are taking place today in the use of 
rectifiers. Already the silicon diode rectifier has made its 
mark, and such replaceme nt of mercury-are rectihers by 
silicon diodes as that at the copper rehnery referred to in the 
article Direct current ; its uses and its conversion ’’ are 


justified by improved efhciency and reduced running cost. 
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Considerably reduced dimensions and weight, 
and greater simplicity, were the reasons for the 
adoption by British Railways of silicon rectifiers 
on torty- five multiple unit trains supplied earlier 
this vear by * English Electric’, To these 
examples mav be added the adoption by the 
Central Electricity Generating Board of silicon 
rectifier excitation of large turbo-alternators for 
twelve machines totalling 4545 MW supplied 
or to be built by the Company. 

In similar manner industry has accepted the 
silicon rectiher for many duties, Yet this 
is only the beginning of an era owing its future 
to the three-electrode —semi-conductor-con- 
’ This device has 
the trigger-like fring characteristic of the 
mercury-arc rectifer but has a very much faster 
recovery time after each cyclic current conduc- 


trolled rectiher, or pylistor.* 


Orders for Africa........ 

There are three orders for the African continent to 
report in this issue : sixteen locomotives tor Rhodesia 
Railways ; a power station extension for Cairo Electricity 
and Gas Administration ; and equipment for Tanganvika’s 
largest’ hydro-electric project. The locomotives are 
1875 hp diesel-electric units of 1Co-Co1 wheel arrange- 
ment. One of the thirty-hve locomotives supplied on a 
previous order recently established a record mileage tor 
this railway of 14,062 miles in a month—and that over the 
onerous Bulaw avo-Malvernia section to Lourengo Marques. 

The order for the extension to the Cairo South power 
station comprises the complete electrical and mechanical 
equipment necessary to supply a further 120,000 kW for 
domestic and industrial use in the city. * I nglish Flectric 
as main contractors will co-ordinate the complete project. 
When completed, the station will be one of the largest in 
the Middle bast. 

The equipment tor the Tanganyika Electric Supply 


Company— two 14,700 hp vertical Francis turbines and 
valves together with two 1o,soo kW generators and 
associated gear will be made at the ¢ ompany's Netherton 
works, near Liverpool, It will be installed in Hale under 
ground power station on the River Pangani, some torty 


liles trom the port of Tanga 
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tion period, It is technically feasible to use it 
as a switch either for a.c. or d.c.; as an a.c. or 
d.c. voltage controller; as a grid- controlled 
rectiher in variable-voltage converter from 
a.c. to d.c.; as an inverter from d.c. to a.c.; 
or as a frequency converter from either single 
or three-phase supply to give three variable 


frequency outputs, Its potential fields of 


application are immense, and some of these 
applications are already economic. Wider 
use will undoubtedly follow as cell development 
proceeds and manufacturing costs are reduced. 


*The word * pylistor® was coined at Interlaken this vear by the Static 
Power Converter Committee (No. 22) of the International Electrotechnical 
Commission, to fill a long-felt want for a simple single word acceptable 
etvmologically to all the languages of the world. It is derived from the 


Greek * pylae*—a gate— and *istor’, the common termination of a 
number of solid-state current carrying devices, such as transistor and 
resistor. 


Yugoslavia........ 

For a paper mill to be built at Plaski in Croatia the 
Company received a contract from Millspaugh- 
Wimpey Ltd, for the major part of the electrical equipment. 
Besides the 36 kV incoming substation, distribution 
switchgear and transtormers, and numerous a.c, motors 
tor driving the process machinery, * English Electric * 
will supply the main line shaft drive for the Kraft paper 
machine. 


At a time when British industry is making a special 
effort to increase exports to the Mexican market, it is 
gratifying to be able to report an order worth over £3 30,000 
obtained by the ¢ ompany in the face of severe international 
competition, The order is for ten self-contained mobile 
generating stations for the Commission Federal de 
Hlectricidad, Fach station comprises a road trailer carrving 
a twelve-cvlinder diesel engine (exhaust turbo-charged, 
charge-air cooled) de veloping 1366 b.hp. when operating 
in temperatures between 77 and at altitudes 
between sea level and 7220 ft, and a 120g KVA alternator 
generating 2400 V at 720 r.p.m. The project will be co- 


ordinated by the Diesel Engine Division of the Company. 
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* Deltics’ on land 
—and sea 


(Above) At the head of an 
express passenger train at King’s 
Cross Station, London, is one 
of the twenty-two 3300hp 
* Deltic > locomotives now being 
delivered by the Company to 
British Railways. (Right) The 
* Bass Trader’, a vehicle ferry 
plying across the Bass Strait 
between Australia and Tas- 
mania, is seen leaving Newcastle 
harbour, Australia. This vessel. 
which went into service with 
the Australian National Line 
last April, is powered by two 
2000 hp = Deltic’ engines. 
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Nuclear Power Station Layout 


FEATURES OF HINKLEY POINT AND SIZEWELL 


ORK BEGAN ON the S500MW_ nuclear 

power station at Hinkley Point. Somerset. 

at the beginning of 1958. Some three 
years later the English Electric. Babcock & Wilcox 
and Taylor Woodrow consortium was awarded a 
second contract by the Central Electricity Genera- 
ting Board for a nuclear power station at Sizewell 
on the Suffolk coast having an even larger output of 
SSOMW. 

Basically the stations are of the same type: 
the reactors are fuelled with natural uranium 
canned in Magnox alloy. the moderator being of 
graphite. But in the intervening three years since 
Hinkley Point was ordered, permissible fuel 
element temperatures have increased, with a 
consequent improvement in steam conditions. A 
continuing effort in research and development on 
nuclear fuel will undoubtedly yield some of the 
biggest dividends in reducing the cost of nuclear 
power stations. Progress has been made however 
in other directions, and one important result is 
that the Sizewell station layout is more compact. 
This of course achieves economies in men, materials 
and running costs. 

In comparing the station layout of Sizewell with 
that of Hinkley Point it is necessary to consider 
first the reactor area and its implications on the 
rest of the station. The reactor area is regarded 
as a‘ controlled * area, as a precautionary measure 
against radiation and contamination. On the 
earlier power stations in the U.K. a safety fence is 
provided around the reactors, at approximately 
the 0-5 milli-r.e.m.* hour radiation contour line. 


* *roentgens equivalent man’ 


with changing rooms included along the line of the 
fence. from which admission to and departure 
from the reactor area may be controlled, and 
protective clothing issued as necessary. Monitoring 
and decontamination facilities are also provided 
in this building. 


The latest regulations in the U.K. require radia- 
tion levels outside the reactor building to be not 
more than 0-25 milli-r.e.m. hour. At this level it is 
unnecessary to control the movement of personnel 
immediately outside the reactor buildings and the 
logical development of this specification is to 
attempt to eliminate the safety fence around the 
reactor area if the control of personnel moving in 
and out of the reactor area can be effected by some 
other arrangement. In the design for Sizewell 
such a layout has been developed. Both reactors 
are housed under one roof, the changing rooms and 
control points being located at the entrance to 
the building. 

Design studies on the plant and gas circuit for 
Sizewell indicated that it would be possible to 
obtain the required output from each reactor, 
equivalent to 290MW(e), using four boilers and 
gas circulators. In addition. a gas circuit layout 
was developed which eliminated the long blower 
houses associated with separate gas circulators 
and horizontal shafts. 


It was immediately appreciated that this compact 
arrangement could result in a reactor system layout 
in which the overall dimension across the centre 
of the reactor from the outside wall of the boiler 
hall on the one side to the outside wall of that 
on the other was less than 250 feet. This was 
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(Above) The two reactor buildings and the turbine hall at Hinkley Point nuclear power 


station, as they appeared last August. (Below) A model of the Sizewell power station 
irchitect to the Group: Frederick Gibberd. C.B-E., FLA. 


Photographs: The English Electric, Betcocck & Wilcox and Taylor Woodrow Atomic Power Corstruction Company 
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significant because a Goliath-type crane is con- 
sidered essential for the construction of reactor 
pressure vessels and boilers to achieve the shoriest 
possible construction period, and this dimension 
could be readily spanned by the Goliath crane used 
at Hinkley Point. 

This advance permitted the two reactors. coupled 
to their four gas circuits. to be positioned so that 
the line joining the centres of the two reactors was 
parallel with the lines joining the centres of the 
boiler halls of each reactor. or at right angles to 
them. With either arrangement. the Goliath 
crane span did not require to be increased. 

A serious inflexibility to reactor area layout was 
thus removed and immediately exploited. By 
turning the reactors, as located in earlier designs. 
through 90 , it became possible either to develop a 
common irradiated fuel discharge and 
storage area between the reactors, or to accommo- 
date a single common equipment building between 
the reactors. Further co-ordinated work by plant 
designers and civil engineers resulted in a closely 
integrated layout which maintained both a single 
irradiated fuel storage pond and a 
equipment building. 


single. 


common 


On pages & and 9 the Sizeweil station layout 
may be compared with the layout at Hinkley Point. 
Where a control and safety fence is used. At 
Sizewell the double road system around the reactors 
is not required : as a result the reactors are placed 
closer to the turbine house. The distances at 
Hinkley Point and Sizewell between turbine house 
and reactor are 164 feet and 116 feet respectively. 

The reactors are served by the following buildings 
or structures. which together form the reactor 
area group. 

(a) Equipment building to accommodate the 

plant and instrumentation for the operation 
of the reactor. 


(b) CO, storage building for the supply of 


coolant gas. 
(c) Fuel store. 
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Heavily shielded discharge shafts for 
irradiated fuel. 

(e) Post irradiation fuel element store. 

(f) Decontamination and maintenance shop. 

(g) Radio-active waste stores. 

Laundry. 

(‘) Effluent treatment plant house. 

(j) Changing rooms. monitoring points and 

health physics centre. 

The grouping of these facilities is dealt with 
differently at Hinkley Point and Sizewell. 

At Hinkley Point, the reactor buildings are quite 
separate. Each building contains an equipment 
annex, normal and emergency fuel element dis- 
charge shafts and a maintenance shop, and is 
served by a separate cooling pond. A safety fence 
is placed around the two reactors. and along the 
line of the fence the changing rooms, fuel store, 
laundry and CO, store are located. Within the 
fence. but separated from the reactors, are the 
effluent treatment plant. decontamination facility 
and stores for solid active waste disposal. The 
whole reactor area occupies about nine acres. 

The same facilities are provided at Sizewell 
within an area of five acres. The two reactors 
are linked by a common equipment building and 
placed under one roof. Within the combined 
building. space has been planned for the fuel 
store, and the maintenance and decontamination 
areas. By centralising the normal and emergency 
discharge shafts. a single cooling pond common to 
both reactors is used. The laundry. active solid 
waste disposal and liquid treatment plant are 
situated next to the pond to maintain compactness. 
The only separated ancillary building is the CO, 
storage plant house. 

A further improvement at Sizewell is the linking 
of the station central control room with the 


reactors rather than the turbine house as at Hinkley 
Point. and the inclusion within the reactor building 
of the essential electrical supply for reactor safety— 
that is, the diesel generator and battery system. 
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Nuclear Heat—Direct 


J. W. GARDNER, B.Sc.. Ph.D... M.I.Nuc.E.. Atomic Power Division 


T HAS BEEN SAID! that nuclear reactor tech- 

nology is unique in having sprung up full 

blown almost overnight. An interval of merely 
four years separated the discovery of fission (1938) 
and the first chain reaction (1942). The first 
moderately powered reactor went critical at Oak 
Ridge in 1943 : electricity was first produced from 
fission in the Experimental Breeder Reactor I. 
in Idaho in 1951; in 1956 electricity from the 
U.K.A.E.A. nuclear power station at Calder Hall 
was first fed into the national grid : and at the 
time of writing the first large-scale commercially 
built nuclear power stations are being com- 
missioned. 


In view of this ‘forced growth” of the new 
technology it is remarkable that the nuclear power 
stations now being built are expected to be only 
marginally less efficient (thermally and econo- 
mically) than present conventional power stations : 
and the more advanced nuclear power stations 
currently planned are expected to be actually more 
efficient than their conventional counterparts. 


A nuclear power generator, no less than 
a conventional one, is a thermodynamic engine 
and as such is of course subject to the limi- 
tation that the thermal efficiency cannot exceed 
(7,—T,)/T,. where 7, and T, are respectively the 
Carnot cycle heat source and sink temperatures 
in degrees Absolute. In fact in both types of 
generator as currently designed the conversion of 


4 For references see p. \9. 


heat to electric power is done (necessarily) in such 
a roundabout way that the practical efficiency 
falls well below that theoretically attainable. 
Both nuclear and conventional power stations— 
and indeed most of our present day power units— 
operate broadly along the following lines: fuel 
(fossil or nuclear) is burnt and the combustion 
heat produces gas or vapour at high pressure which 
pushes on a metal surface. producing rotary motion 
which is then used to run a rotary dynamo. This 
sequence applies in its entirety to the steam cycle. 
the gas turbine and the internal combustion engine : 
its last stages also apply to hydroelectric generation 
and the generation of electricity by tidal or wind 
power. 

The potential advantages of eliminating this 
sequence and producing electricity directly from 
some form of primary energy such as chemical. 
thermal or nuclear are great indeed and nave long 
constituted a fascinating challenge to man’s 
scientific ingenuity and imagination. Reduced 
capital cost. improved reliability and higher 
efficiency should all result from the replacement of a 
long and complicated chain of components by a 
single unit without moving parts. There is thus 
a powerful economic incentive for the development 
of direct conversion generators for commercial 
and industrial applications : for certain special 
applications, such as power units for space 
vehicles, they are virtually indispensable. 

Much of the recent interest in, and support for, 
work on direct conversion devices undoubtedly 


a 

¥ 


13 


stems from these special applications where robust- 
ness and compactness are at a great premium. 
and cost is a secondary consideration. Neverthe- 
less, it is quite evident from recent publications=* 
that industry. particularly in the U.S.A., is now 
taking an active interest in the development of 
units capable of the economic generation of electric 
power on a commercial scale. The basic concepts 
which. on present evidence. appear to offer a 


Fig. \a—Thermoelectric generator. In a uniformly 


heated material the free electrons are uniformly 
distributed : no current flows around external circuit 


development potential as ultimate large-scale 
direct conversion generators are : 


(i) Magnetohydrodynamic conversion (separa- 
tion of positive and negative charges in a 
gas) : 

(ii) Fuel cells (separation of positive and nega- 
tive charges during a chemical reaction) : 

(iii) Thermoelectric conversion (principle of the 

thermocouple) : 

(iv) Thermionic conversion (principle of the 

radio diode). 

All of these devices could in principle be used in 
conjunction with a nuclear reactor but the last two 
appear most suited to this application, and it is 
these that are to be discussed here. The basic 
physical facts are summarized and the difficulties 
besetting the construction of practical generators 
outlined. To minimise heat wastage the 
conversion device should obviously be as close as 
possible to the nuclear fuel, but at present this 
advantage is largely offset by radiation damage to 
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the converter materials. Significant progress must 
therefore await the development of new materials 
capable of withstanding prolonged irradiation at 
high temperature. 

Such materials are unlikely to be discovered 
accidentally : the surer approach, though it may 


COLD 
‘ 
HOT ia > LOAD 


Fig. \b—Thermoelectric generator. Under influence 
of thermal gradient electrons migrate to cold end 
of bar and a potential difference is thus available to 
cause flow of current in an external load circuit 


take ten years, is to extend fundamental knowledge 
of the radiation damage process so that it is known 
what kind of materials to look for, and where to 
look for them, or how to make them. A few 
suggestions for such a fundamental research 
programme are made at the end of this article. 


Thermoelectric fundamentals 


In metals and other good conductors electric 
current is carried by free electrons, unattached to 
atoms. There are about 10° such electrons in a 
cubic inch of a good metallic conductor, and even 
when no macroscopic current is flowing they have 
violent random motions which increase with 
temperature. If one end of a metal bar is heated 
the random motions of the electrons at that end will 
increase, with the result that there will be a net 
migration of electrons away from the hot 
end and towards the cold end (Fig. 1). 
Such a systematic electronic drift, of course, 
constitutes an electric current, which may be 
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legitimately described as being driven through the 
metal by the heat applied at one end. Here then 
is a direct conversion device : when heat is applied 
at one end of a metal bar an electric current flows. 
This is deceptively simple, as is realised when it is 
attempted to draw off the thermoelectric current 
to do useful external work. 

The simplest possible external circuit, consisting 
of a loop of wire joining the hot end of the bar to 
the cold end will be considered. This wire, being 
a good conductor by definition, will also contain 


slight difference in free electron concentration 
existing between the two metals. Nevertheless. 
by suitable choice of dissimilar metals and the use 
of many thermocouples in series. to form a thermo- 
pile, efficiencies by 1850 had been raised to 3°,. 
higher than the efficiencies of the steam engines of 
those days. For almost a century after that. 
however, although thermocouples were widely 
used for measuring temperatures their efficiency as 
generators could not be improved : it seemed that 
the limit had been reached. 


HOT JUNCTIONS 


COLD JUNCTIONS 


Fig. 2—Thermopile in which the alternate elements are n-type and p-type semiconductors 


free electrons in about the same concentration as 
the bar itself. Moreover, since the ends of the 
wire are in thermal contact with the ends of the bar. 
the resulting thermal gradient in the wire produces 
a thermoelectric current which opposes the current 
that it is desired to draw from the bar. Actually, 
if bar and wire are not made of the same metal the 
electronic concentration will not be quite the same 
in each, and a small net current will flow around the 
circuit. This is the well-known effect discovered 
by the Berlin experimenter Thomas Johann Seebeck 
in 1821 and named after him. (Seebeck. who died 
in 1831, could not of course have realised the true 
nature of his discovery since the atomic structure 
of matter and the existence and nature of the elec- 
tron were not elucidated until the late nineteenth 
century). 

Evidently the Seebeck effect in metals is not a 
very efficient way of converting heat to electricity, 
for the flow of any current at all is dependent on the 


This situation has changed significantly in the 
past decade or so with the discovery and develop- 
ment of ‘semiconductors’, having properties 
intermediate between conductors and insulators. 
In a perfect insulator each atom has exactly its 
full complement of electrons with none to spare : 
in a metal there is, as we have seen, a considerable 
excess of free electrons, viz. about 10*° per cu. in. 
Semiconductors are classified into 7-type and p-type: 
an #-type semiconductor contains about 10°° 
free electrons per cu. in., while in a p-type there is a 
deficiency of electrons. The vacancies due to these 
missing electrons behave like free electrons with a 
positive charge and are usually known as * positive 
holes*. A p-type semiconductor contains about 
10°° such positive holes per cu. in.* 


*This picture of semiconductors, although correct in 
essentials, is over-simplifed. For a_ fuller account the 
interested reader is referred to such monographs as references 
8 and 9 (rage 19). 


: 
| | 
As 
ae 
j 


14 THE ENGLISH ELECTRIC JOURNAL 


It has been seen in the above discussion on a 
thermocouple made of two dissimilar metals that 
the net current generated is the difference between 
opposing currents flowing in the two branches. 
It is easy to see, on the other hand. that in a 
thermocouple having one branch of n-type and 
the other branch of p-type semiconductor the 
thermoelectric currents in the two branches will 
reinforce (Fig. 2). 


Another advantage of replacing metals by semi- 
conductors in thermocouples stems from the fact 
that metals are excellent conductors of heat. as 
well as electricity. This makes it extremely difficult 
to maintain a large temperature difference between 
hot and cold junctions and consequently imposes a 
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High temperatures and nuclear applications 

The design of a practical thermoelectric generator 
is complicated by the fact that semiconductor 
properties change with temperature, so that for 
any given material the best compromise of proper- 
ties will exist for only a small temperature range. 
On the other hand, as we have seen, a large temp- 
erature difference between hot and cold junctions is 
required to obtain a useful output voltage. The 
difficulty could in principle be met by constructing 
a thermopile in which the stages are made of differ- 
ent materials, each efficient in its small temperature 
region. For temperatures up to about 1,000 F 
suitable materials are already available. However. 
hot-junction temperatures above 2.000 F would 
probably be needed to obtain a_ worthwhile 


COOLANT 
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Fig. 3—Direct type thermoelectric generator : thermoelectric 
elements are wrapped around nuclear fuel elements and heat 


from fission is converted 


severe limitation on the thermoelectric e.m.f.. 
which is directly proportional to the temperature 
difference. Ideally. what is required is something 
that is both a perfect electrical conductor and a 
perfect thermal insulator : no such ideal material 
exists, but semiconductors on the whole come much 
closer to it than do metals. 


directly to electrical energy 


efficiency in any large-scale thermoelectric power 
generator. 

At these higher temperatures semiconductors are 
no longer suitable because they become * intrinsic’, 
that is, the input heat causes positive and negative 
charges to migrate in equal numbers and so no 
output voltage is obtained. A possible way out 
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of this difficulty would be to use insulators which 
have been suitably *‘doped* to become good 
thermoelectric materials. and which do not become 
intrinsic until temperatures well above 2,000 F. 
For example. pure nickel oxide is normally an 
insulator but if it is modified by the addition of 3°, 
lithium its resistivity decreases to about 0-01 
ohm-cm. The explanation of this behaviour 
appears to be as follows : in normal nickel oxide 
the nickel has a valence of plus two, but the 
addition of lithium causes the appearance of nickel 
with valence plus one: the exchange of charges 
between plus-one nickel plus-two_ nickel 
accounts for the vastly increased conductivity. 
Similar modifications to other insulating materials 
are currently under active investigation, for example 
in the Pittsburgh Laboratories of the Westinghouse 
Corporation.!° 

Further problems are encountered in the fabric2- 
tion of these new materials into thermocouples and 
their subsequent assembly into complete thermo- 
piles. Obviously this must be done in such a way 
as to minimise the contact resistances between the 
different materials employed. for high contact 
resistance would have the same effect as a high 
internal resistivity of the material. reducing the 
efficiency. Also, at temperatures above 500-600 F 
it is necessary for thermopiles to be shielded from 


the air to prevent corrosion, and deterioration of 


the joints. 

What has been said up to now applies equally 
Whether the heat source for a_ thermoelectric 
generator is a conventional furnace or a nuclear 
reactor. 
damage by nuclear radiations is combined with the 
hazards of high temperatures and chemical attack. 
Very little is Known about the behaviour of thermo- 
electric materials under the conditions of pro- 
longed and intensive nuclear irradiation they 
would be exposed to in a large power reactor. 
Westinghouse Laboratories report little change in 
the thermoelectric properties of the lithium- 
treated nickel oxide after exposure to total inte- 
grated thermal neutron flux of 1-4. 10! : but 
this is equivalent to only about four days’ exposure 
in one of the reactors of the Hinkley Point nuclear 


power station, whereas a useful life of the order of 


years would presumably be a prerequisite for any 
worthwhile thermoelectric generator. 
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In the latter case. however. the risk of 


However, if suitable materials can be found it 
seems certain that much greater efficiencies in 
thermoelectric applications will be possible with 
nuclear rather than conventional heat sources. 
This is primarily because in a reactor it will be 
possible to have the heat source, i.e. the nuclear 
fuel element, completely surrounded by thermo- 
electric elements and so eliminate stack losses 
(Fig. 3). There are in fact possible nuclear fuel 
materials such as uranium and thorium sulphide 
which are themselves semiconductors, but it is not 
yet known what the long-term thermoelectric 
behaviour of these would be in a nuclear reactor. 
Evidently there is a considerable practical incentive 
to investigate the properties of thermoeiectric 
materials under prolonged nuclear irradiation. 

The idea of using a nuclear reactor as the heat 
source in a thermoelectric generator is also 
attractive for the following reason. It has already 
been indicated that in any practical generator a 
large number of stages in series will be required be- 
cause a single thermocouple delivers only fractional 
voltage : for example, for bismuth telluride—a 
typical material in this connexion—ihe output is 
around 10 millivolts for a temperature difference 
of 100 F between hot and cold junctions. Now. 
evidently, the fact that a typical nuclear power 
reactor contains many thousands of fuel elements 
could be exploited if thermocouples incorporated 
in these fuel elements were connected in series to 
produce reasonably high output voltages. This 
idea has been developed in more detail elsewhere.*!! 

As an indication of the present state of develop- 
ment of thermoelectric generation may be cited 
the fact that laboratory models in the | W to 10 kW 
output range are already being built.6 These 
models use indirect’ (conventional) heating. 
Although the intrinsic efficiency of conversion of 
heat to electricity depends only on the therimo- 
electric properties of the materials used, and is 
independent of the size of the generator, neverthe- 
less design studies indicate that stack losses and 
other practical disadvantages will reduce the overall 
efficiency of indirect-type generators above the 
10 kW size. For larger outputs it appears there- 
fore that the direct type, where the thermoelectric 
elements surround or are incorporated in the 
nuclear fuel, will be superior. The development 
of these depends, as has been seen, on finding 
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materials that retain their thermoelectric properties 
under prolonged nuclear irradiation. 

With the best present-day materials (unirradiated) 
the intrinsic efficiency of thermoelectric generation 
is about 17°.. which however becomes an overall 
efficiency of only about 6°, if the heat source is 
a conventional fuel burner.'® It has been con- 
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volt) whereas the input power required for cathode 
heating could be 10 watts. Presumably this 
incredibly low efficiency is the reason why the 
diode has not. until quite recently. been seriously 
considered as a power converter. 

The biggest single factor limiting the efficiency 
of the diode converter is the space charge effect : 
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Fig. 4—Simplified diagram of the operation of the thermionic generator 


jectured® that in about five years new materials will 
have an intrinsic efficiency of about 30°... 


Thermionic converters 


The ordinary radio diode valve operates on the 
oldest principle known in electronics, discovered 
by Thomas Edison towards the end of the last 
century. Application of heat to the cathode 
* boils off * electrons from its surface by imparting 
to them sufficient energy to enable them to 
surmount the potential barrier at the surface. 
The electrons flow to the anode and thence to the 
external circuit (Fig. 4). The anode must be kept 
relatively cool to prevent back emission from this 
surface. 

In a typical radio diode the power output could 
be about a microwatt (say a microampere at a 


electrons leaving the cathode repel each other 
and build up a space charge which inhibits further 
flow. Although closer spacing of the electrodes 
could mitigate this effect it turns out that to 
obtain useful efficiencies the spacing required is 
than 0-001 inch, which very difficult 
to maintain accurately between two surfaces over 
an appreciable area, particularly at high tempera- 
tures. The use of external electric and magnetic 
fields to overcome the space charge has also been 
suggested : but the method currently most promis- 
ing is to introduce an ionized gas (caesium) at low 
pressure into the inter-electrode space. Positive 
ions in the gas plasma then neutralize the negative 
electron charges and permit the current to flow. 


less is 


Other factors influencing the efficiency of the 
diode converter are the electrode temperatures and 
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work functions. (The work function is the work 
required to remove One electron completely from 
the electrode material.) Emission currents increase 
very steeply with temperature and work functions 
depend quite critically on the electrode materials. 
Besides having suitable work functions? the 
electrode materials should withstand excessive 
temperatures (say 3,000-3,500 F for the cathode and 
about half this for the anode) without melting or 
undue evaporation. Tungsten tantalum 
metals have received most attention, but a number 
of other refractories are under active investigation. 

It is instructive from some points of view to 
regard a thermionic unit as a thermocouple in 
which the cathode corresponds to the hot junction 
and the anode to the cold junction: the inter- 
electrode space then corresponds to the thermo- 
electric material of one of the loops, the * bar’ 
of the example referred to under * Thermoelectric 
fundamentals *. The other loop is of course the 
external load circuit. Now the point has already 
been made in the section mentioned that the 
ideal thermoelectric material would combine 
the properties of a perfect electrical conductor 
and a perfect thermal insulator. As has been 
said, the inter-electrode space of the thermionic 
diode can be made an excellent electrical conductor 
by the introduction of ionized gas at very low 
pressure.t From the point of view of heat transfer, 
however, this gas pressure is so low that the space 
is a virtual vacuum and conducts negligible heat. 
Thus the only heat-flow from cathode to anode 
(from hot to cold junction in the thermoelectric 
analogy) is by radiation, and this can be effectively 
reduced by proper shielding. In other words the 
inter-electrode space approximates closely to 
the ideal thermoelectric material, and for this 
reason one would expect higher efficiencies to be 
obtainable from a thermionic unit than from a 
true thermoelectric converter. An overall con- 
version efficiency of 17°, with a thermionic unit 
was reported from the Los Alamos Laboratories 
in April, 1959, and higher efficiencies have pre- 
sumably since been achieved (30°, was predicted’). 


+Other things remaining constant, there is a unique value 
of the cathode work function which maximizes efficiency ; the 
anode work function should always be as low as possible, 


£10-4 millimetre of mercury in a typical case. 


The Los Alamos * plasma thermocouple *, as it 
is called, represents the first direct conversion to 
electricity of the heat from nuclear fission. A 
similar device has also been reported by General 
Atomics”; this has delivered 90W at a power 
density of about 100W per sq. in. delivered into an 
external load. In this case, at the operating tem- 
perature of 3,500 F an efficiency of 10°, was 
achieved for the conversion of fission heat into 
electrical energy, but no attempt was made to 
utilize waste heat rejected by the converter or the 
efficiency and output would have been higher. 

These devices can be (and are) actually incor- 
porated in nuclear fuel elements because, in con- 
trast to existing thermoelectric materials, the 
thermionic materials currently available retain 
their properties reasonably well under conditions 
of high temperature and radiation fluxes. More- 
over, the gamma radiation present in a nuclear 
reactor helps reduce the space charge and so tends 
to improve the efficiency of a thermionic converter. 
Fig. 5 shows a schematic nuclear fuel element 
incorporating a thermionic converter. 

Like the thermocouple, the thermionic converter 
produces basically low-voltage d.c. Although it 
would be possible to step up the voltage by con- 
necting a number of elements in series as in the 
thermopile, this still leaves the problem of 
conversion to a.c. A more attractive idea to which 
the thermionic device particularly lends itself is 
current modulation within the converter. say by 
means of an alternating grid voltage as in a radio 
triode. The a.c. output from a group of converters 
in parallel could then be stepped up by a 
transformer. 

The relatively high outlet temperature (1,000- 
1.500 F) for a thermionic converter suggests the 
possibility of a two-stage system: a thermionic 
converter in a nuclear reactor would reject its 
anode heat to the input of a second generator 
(thermoelectric or turbo). located outside the 
reactor, where it would be shielded from radiation.$ 
The overall thermal efficiency of such a plant would 
be in the region of 45-60° 7°. 


§ In fact the first large-scale application of thermoelectric 
generation will probably be in such * topping-up’ devices, 
where the materials requirements are obviously much less 
stringent than for devices incorporated into the nuclear 
fuel elements. 


ie 
aad 
a 
z 


18 THE ENGLISH ELECTRIC JOURNAL 


THIS ARTICLE HAS REVIEWED two methods which 
look promising for the direct conversion of nuclear 
heat into electrical power on a large scale. The 
thermionic converter has indeed already worked on 
an experimental scale. as we have seen.“ but 
both this and the thermoelectric converter will 
require very considerable technological develop- 
ment before they can profitably be incorporated 
into nuclear power reactors. This development 
will be addressed broadly to the problem of 
improving the efficiency of conversion, and will 
involve much detailed and fundamental study of 
the electrical and mechanical behaviour of materials 
under conditions of very high temperature, com- 
bined with intensive nuclear irradiation and 
chemical attack. 

Since it will clearly be prohibitive to investigate 
systematically all likely (or unlikely) materials, 
the selection of those to test will have to be guided 
to a large extent by theoretical considerations of 
solid state physics. There is a strong need in this 
connexion for a concerted effort by theoretical 
physicists to develop a quantitative theory of 
radiation damage : perhaps this will be facilitated 


Because of the technological difficulties. com- 
bined with an acute shortage of suitably trained 
scientists and engineers to work on these novel 
and specialized problems, the present consensus 
of informed opinion about the large-scale direct 
conversion of nuclear heat to electric power places 
it at least a decade away. In this context, however. 
it may be relevant to recall the definition of an 
engineer as one who overestimates what he will 
accomplish in one year but wildly underestimates 
what he will accomplish in the next decade." 

It is possible, though on present evidence un- 
likely, that something other than the thermionic 
or thermoelectric principle will eventually prove 
superior as a large-scale converter of nuclear heat 
into electric power. Fuel cells and magneto- 
hydrodynamic generators were mentioned at the 
outset and proposals for using these in conjunction 
with nuclear reactors have been put forward.'® 
Such ideas are speculative. however. and do not at 
present amount to detailed design studies. 

Suggestions for more * exotic’ devices include 
the use of photoelectric cells to produce electricity 
from the energy of nuclear gamma-rays, and the 
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Fig. 5—Simplified diagram of thermionic converter incorporated into nuclear fuel element 


in the U.K. by the recently created Solid State 
Physics Division at Harwell, working in colla- 
boration with theoretical physicists in universities 
and industry. 


direct collection of charge from the fission frag- 
ments in a nuclear reactor. Many proposals for 
the latter process have indeed been carefully 
examined but none of them looks even remotely 
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promising. Paradoxically, the direct conversion 
into electricity of the energy from controlled 
nuclear fusion would appear to present less diffi- 
culty ; in fact it looks as if it will be understood 
how to do this long before there are commercial 
thermonuclear reactors. 
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Direct Current: Its Uses and its Conversion 


J. E. BOUL, A.C.G.1., M.LE.E.. Manager, Rectifier Department 


© ONE WOULD DENY that the ready facility 

with which a.c. can be transformed from 

one voltage to another provides an over- 
riding reason why a.c. is likely to remain the 
preferred system for the distribution of electricity. 
Again, with the present-day conventional methods 
of electricity generation from mechanical power. 
it is cheaper and simpler to generate a.c. than d.c. 
To convert from a.c. to d.c. requires capital outlay 
on the conversion plant and the running expenditure 
involved in its maintenance and in the cost of 
supplying its energy losses. 

Thus it is clear that the use of d.c. either in the 
utilisation or in the transmission of electricity 
must spring from some compelling reason which 
may be that of technical necessity or convenience, 
or an overall economy of operating cost. 


From the viewpoint of utilisation there are, of 
course, instances where no choice is open: d.c. 
is mandatory. In such a category may be grouped 
the many electro-chemical processes and those 
applications inherently dependent for their opera- 
tion upon a unidirectional potential, current or 


THIS ARTICLE is in all essentials a reproduction of a 
paper entitled ‘The need for direct current and the 
means for its conversion’, presented at the Fourth 
Conference of The British Electrical Development 
Association, held in Leamington Spa, 1960. 


flux, such as apparatus using electronic valves. 
and machine excitation systems. 


In certain other spheres of utilisation d.c. holds 
an attraction by way of providing an operating 
convenience which cannot be equalled with a.c. 


In yet other categories of use the rival merits 
of a.c. and d.c. are still hotly debated and the 
choice of system depends upon close economic 
comparison. 


Before particularising on some of the many 
uses of d.c. it may be well to review briefly some 
of the factors which influence the choice when in 
fact the choice between a.c. and d.c. is open. 


The d.c. motor is characterised by high starting 
torque and ease of speed control. A speed range 
of 2 or 3 to 1 is readily obtainable by field control. 
and speed control over the full range from 0-100°, 
at full torque is possible by varying the applied 
voltage. Regeneration (for braking) is easily ob- 
tained at any speed, simply by increasing the 
excitation or reducing the applied voltage until the 
motor e.m.f. exceeds the applied voltage. 


Control is smooth, and because it is achieved 
by controlling relatively small currents in field 
systems or in rectifier grid circuits the design of the 
control system is greatly facilitated. 


A.C. control equipment, such as contactors and 
relays, may be unacceptably noisy in certain 
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applications. D.C. equipment is free from 
a.c. noise and from vibration which 


bearings. 


reacts 
adversely on the mechanical wear of pivots and 
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In certain classes of electro-magnetic devices con- 
siderations of eddy-current and hysteresis heating 
may contribute to a choice in favour of d.c.. e. 
lifting magnets. 
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D.C. UTILISATION 


A complete catalogue of all the uses to which 
d.c. is put is beyond the scope of this paper. 
Instead it is proposed to review some of the more 
important applications. giving observations on 
those aspects which may be of particular interest 
to supply authorities. 


THE ELECTRO-CHEMICAL INDUSTRY 


One of the largest consumers of electricity is 
the electro-chemical industry. Its products include 
many metals, some gases. and certain chemical 
compounds. 


In the case of metals the process is one of 
simple electrolytic deposition from a solution of 
its salt or oxide in a convenient electrolyte. In 
general the process takes place at or near normal 
room temperature and the metal is deposited in 
solid form at one of the electrodes. In the case of 
aluminium, however, the oxide, alumina. is 
dissolved in cryolyte which exists in liquid form 
only at elevated temperature—well above the 
melting temperature of aluminium. 

The electrolytic baths, or cells for aluminium. 
range in size from about 40,000A to 100,000A. 
Each cell requires the application of about 5V. 
and it is usual to connect a number of cells in 
series to provide a reasonable working voltage. of 
anything from 500V to 1,000V d.c. Typical cell 
lines range in size from 25MW to 10OMW, having 
an annual output of about 10,000 tons to 40,000 
tons of metal. 

The output from any electrolytic process is, of 
course, a direct function of ampere-hours. The 
desirable economic aim, therefore, is for con- 
tinuous working, twenty-four hours per day for 
365 days per year at full load. Such an aim places 
a high premium on continuity of supply and plant 
reliability. A particularly high premium applies 


in the case of aluminium. where a substantial 


reduction or interruption of load for more than a 
few hours would result in freezing of the metal and 
electrolyte, necessitating many weeks’ work in 
rebuilding the cells. As might be expected it is 
customary to install spare plant capacity to permit 
maintenance and cleaning. and to provide against 
contingencies. 


In the case of copper. zinc and other products 
from aqueous electrolytes the problems of leakage 
to earth across cell insulation set a limit to the 
maximum cell line voltage. In the U.K... Home 
Office safety recommendations set the limit to 250 V. 
Overseas, 500V to 750V is rarely exceeded. 


Fig. | shows part of a copper refinery fed by 
four mercury-arc rectifier equipments each supplying 
13,000A at 480V d.c. An order has now been 
received for the conversion of these equipments 
from mercury-arc to silicon rectifiers. The change 
will result in a significant improvement in a.c.-to- 
d.c. conversion efficiency and a marked reduction 
in floor space required. 


The conditions which favour the bulk electrolytic 
production of metals are. of course, suitable ores 
within economic transport distance of cheap hydro- 
electric power. Since neither of these conditions 
applies to any significant extent in the U.K. it is not 
surprising that there is relatively little such activity 
in this couniry. 


Similarly the lack of cheap hydro-electric 
power in the U.K. sets a limit to the scale of 
employment of gases derived from electrolysis in 
the synthesis of chemical products. There are, of 
course, exceptions. The plastics industry in 
Great Britain is a heavy user of chlorine obtained 
from the electrolysis of brine. Typical cell lines 
may be rated at about 50,000A at 250V. Chlorine 
apart from its use in the plastics industry finds 
application in appreciable quantity as a bleaching 
agent in the wood-pulp and paper industry. 
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fiers for the supply of d.c. 


Limited use is made in the U.K. of electrolytic 
processes for the production of hydrogen. hydrogen 
peroxide and a few other products. Elsewhere in 
the world gas production accounts for a very 
substantial use of d.c. Hydrogen from the 
electrolysis of water is used for the treatment of 
vegetable oils in the production of soap, margarine 
and cooking fats. It is also used, in conjunction 


Fig. |—Part of a copper 
refinery employing recti- 


for the electrolytic process 


with nitrogen obtained by fractional distillation 
from air. in the synthesis of ammonia for the 
production of nitric acid and fertiliser. Hardly 
typical, but certainly symptomatic, is the instance 
of one such installation in India comprising 
twenty 12,000A 760V cell lines totalling 176MW 
for artificial fertiliser production at the rate of 
about 1,200 tons per day. fed by mercury-are 
rectifiers. 

Various other products lend themselves to 
electrolytic processing, among which may be 
mentioned ethylene dichloride, sodium chlorate 
and caustic potash. 

The loads taken by the electro-chemical industry 
for the production of basic materials by electrolysis 
are invariably characterised by very high load 
factor and good power factor. 

The requirements for the conversion equipment 
are reliability and efficiency. Provision is usually 
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required for some measure of d.c. voltage variation 
necessary for the maintenance of constant current 
in the face of variations in cell conditions or to 

ermit a few cells to be taken out of the line for 
servicing. 

Within the broader meaning of electro-chemical 
processes there can also be included the following 
activities : 


(i) Electrolytic plating, anodising. electro- 
tinning and galvanising and other surface 
finishes. 

(ii) Electro-chemical milling, grinding deburring 
and polishing. 

(iii) Battery forming and battery charging. 

The loads presented by these applications may 
range from under | kW to a few hundred kilo- 
watts—possibly even to a few thousand kilowatts 
in isolated instances. 


OTHER INDUSTRIES 


Apart from the more impressive needs of the 
electro-chemical industry there are many duties 
for which there is no choice other than d.c. 

A review of some of these will serve to typify 
the range and to give the opportunity to draw 
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attention to some of the applications of direct 
interest to the supply authority. 


Electronics 

The electronic valve and certain allied devices 
depend for their operation on a_ unidirectional 
voltage applied to one or more electrodes. 

Applications range widely over the whole 
field of telecommunications, and in many industrial 
processes. 

In the telecommunications field the need for 
d.c. can range from a fraction of a watt to several 
thousand kilowatts in the aggregate for a large 
transmitting station. The importance of main- 
taining the supply under all conditions generally 
leads to the installation of diesel generators in 
such stations as a standby to the a.c. mains. 

Industrial equipment and processes use electronic 
equipment widely for control purposes and to some 
extent for radio-frequency heating. Equipment 
of the latter type may draw up to 250 kW from the 
supply and, in a few exceptional cases, up to a few 
thousand kilowatts. 


Electro-magnetics 


There is, of course, no choice other than d.c. 
for the excitation of a.c. and d.c. generators. 
The necessary supply may often be obtained from 
an exciter on the same shaft as the generator or it 
may be drawn from the a.c. supply system through 
a converter. 

The power requirements for the excitation of 
the larger turbo-alternators are such that it is 
not possible to design direct coupled 3,000 r.p.m. 
d.c. exciters of sufficient capacity. As an alternative 
to lower speed gear-driven exciters, attention is 
now being given to the use of a direct-coupled 
a.c. exciter generator in conjunction with a semi- 
conductor rectifier. 


Electrostatics 

Electrostatic dust precipitators and electrostatic 
paint spraying typify the somewhat limited use of 
d.c. in this category. The power demands are not 
high. 


Miscellaneous 
In the same category of the compulsive use of 
d.c. may be placed those applications which, by 


their nature, must depend upon batteries either 
for their main supply or for emergency, for example 
vehicles (trains, cars, aircraft, submarines), tele- 
phone exchanges and repeater stations, emergency 
lighting, circuit breaker closing and tripping, and 
certain essential supplies in nuclear energy stations 
(such as circulators). 

In a sphere of its own there has arisen in recent 
years a wide field of investigation in physics which 
depend on pulse techniques. Two of its applica- 
tions are to be found in radar and in nuclear 
investigations. The pulse power requirements, 
duration and repetition frequency vary widely 
from one application to another. In some instances 
the peak power may be drawn from a capacitor or 
inductor, in others, direct from the mains through 
suitable conversion equipment. In yet other cases 
the peak energy is drawn partly from a flywheel. 


MOTOR DRIVES 


Whilst the d.c. motor is more liberally blessed 
with the attributes of the ideal drive than the a.c. 
motor, it is frequently the case that an a.c. drive, 
in one of its various forms, will cater adequately for 
the particularised requirements. In such cases, 
of course, the simpler and cheaper scheme is to be 
preferred. 

There are, however, many important industrial 
applications where the characteristics obtainable 
with a.c. drives do not meet the requirements of the 
process or load : technical necessity then dictates 
the use of d.c. Such a condition applies to most of 
the large rolling mill drives, paper mills. rubber 
calenders, certain types of mine winder, and to 
some cranes. In some other instances the case for 
d.c. may be sustained on the score of operating 
economy. 

The requirements of each particular application 
need to be examined in some detail to seek the 
reason for choosing d.c. in preference to a.c. 


Steel mills 

A brief review of some of the requirements of 
the steel rolling mill industry may serve to typify 
the considerations affecting the choice between 
a.c. and d.c. for large drives. Similar considerations 
apply in a general sense to other fields of industrial 
application. 


ry 
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The initial process in the rolling of steel consists 
in reducing the ingot to suitable dimensions for the 
production of slabs for subsequent rolling into 
plates or strip. or for the production of blooms 
for processing into billets. bars and other shapes. 

The first process, that of * cogging’. involves 
passing the ingot to and fro between the rolls of a 
heavy duty reversing mill. The ingot is fed into the 
rolls at a low speed to enable the rolls to grip the 
piece. and the mill is then accelerated to top 
speed until the pass has been completed, whereupon 
the mill is reversed and the piece is passed through 
the rolls in the reverse direction for further dimen- 
sional reduction. This is repeated until the piece 
has been rolled down to the desired size. 


The requirements for the drive are :— 


(i) High torque at low speed, lower torque at 
higher speed. 
(ii) Frequent reversal of rotation. 
(iii) Rapid acceleration, retardation and reversal 
tO Minimise unproductive time. 


These requirements can to a certain extent, of 
course, be met by an a.c. induction motor and. 
in fact, some of the smaller mills are so driven. 
However, the overall operating cost of the d.c. 
drive, employing armature voltage control from 
zero to base speed, field weakening to top speed 
and regenerative braking by armature voltage 
control, when compared with that of the a.c. 
drive, using contactor controlled rotor resistance. 
shows considerable energy saving for the d.c. 
scheme and the elimination of frequently operated 
heavy current contactors. 


The d.c. motors for such drives may range in 
size up to 10,000 hp mean, 25.000 hp peak, and 
speeds not more than 100 r.p.m. or 120 r.p.m. The 
speed of reversal for such a mill may be of the 
order of one second. 

For the production of tinplate the metal under- 
goes intermediate processes of hot rolling to reduce 
the section to the level when cold rolling can be 
employed. This hot rolling is usually carried out 
in a succession of stands in tandem in which the 
piece passes from stand to stand in a continuous 
unidirectional process. As the piece progresses 
through successive stands its section is reduced 
and, of course, its length increases with a con- 
sequent increase in strip speed at each stand. 


After the first few stands the length of the piece 
increases to an extent which necessitates that it 
spans two or more stands until in the final 
Stages it is passing through several stands 
simultaneously. 

Since the metal is hot it must not be subjected 
to any significant tension, neither must it be 
allowed to form loops between stands for fear of 
producing * cobbles °. Consequently, a fixed speed 
relationship must be held between these later 
stands, and this fixed relationship must be held 
constant from no load—just prior to the piece 
entering the rolls—to full load, as the piece is 
gripped. The tolerable limits of variation may be 
within }°, of the preset speed. 

To accommodate variations in product it may 
be necessary to provide the means of running some 
stands at any preset speed within fairly wide 
limits. 

The requirements of the drives for such a mill 
may be stated as follows : 

(i) For the initial roughing stands :—Fixed 
speed drives with no very stringent require- 
ments for speed relationship between one 
stand and the next. These drives usually 
comprise either a.c. slip-ring induction or 
synchronous motors. 

(ii) For the finishing stands :—Close control 
of speed and accurate control of speed 
relationship between adjacent stands under 
all conditions of load. To this may be 
added the requirement that the pre-set 
speed be capable of adjustment over a range 
of about two-to-one. These needs are met 
by d.c. motors which may be fed from a 
variable voltage d.c. source accurately 
controlled to a pre-set value. Individual 
motor speeds and their speed relationships. 
one with respect to the other. are held 
constant by field control. 

A typical mill of this type may comprise a total 
of ten stands, of which the first three are driven 
by a.c. motors and the remainder by d.c. machines. 
Motor horsepowers may range from about 700 
to 8,000. 


In the final process, that of cold rolling, part 
of the reduction in strip thickness is obtained 
directly in the rolls and part by stretching the 
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strip under tension. A tandem cold mill may 
comprise three, four or five stands with tension 
applied to the strip between stands and between the 
last stand and the coiler by control of motor speed 
and loading. 


Strip speed at the last stand may be of the 
order of a-mile-a-minute, so quite clearly the mill 
must be slowed down considerably for threading. 
This usually takes place at 200 ft/min to 300 ft/min. 


Tension must be maintained while accelerating 
from threading speed to running speed, likewise 
while decelerating at the end of the run. 

The close maintenance of strip tension through- 
out these varying conditions requires that the 
driving units be capable 
of changing their function 
rapidly from that of 
motoring to generating 
as it becomes necessary 
to apply upward or 
downward corrections 
against the considerable 
inertia of both the strip 
and the rotating mass 
of the mill rolls and 
their drives. The high 
speed of strip travel 
emphasises the need for 
accuracy of control and 
rapidity of response. 


Fig. 2—Finishing-mill end 
of the motor room for a 
hot-strip mill, showing the 
grid-controlled — mercury- 
arc rectifiers and motors 
supplying the  vartable- 
speed main mill drives 


The requirements for 
such drives be 
summarised thus :— 

(i) Wide —_ operating 
speed range (25: 1). 

(ii) High accuracy of 
speed (or load) 
control. 

(iii) Rapid response. 

(iv) Capability of 

changing smoothly 

a) from motoring to 
generating at a 
given speed. 

Such drives are provided by d.c. motors with 
horse-powers ranging from about 500 to 5,000 or 
more, supplied from a variable voltage d.c. source 
and controlled by field variation. 
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Looking across the Tan-y-Grisiau reservoir to the pohor 
Central Electricity Generating Board, as it was last Must. 
faced over with natural stone and when the penstock Ms a 
will blend happily with its surroundings. For this scfe 1 
105,000hp Francis turbines, the storage pumps (in cofeti 
panels throughout the power station. 
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poMhouse of the Ffestiniog pumped storage scheme for the 
t Must. The power house can be seen to be already partly 
‘k WS at present visible beyond are grassed over this station 
site The English Electric Company is supplying the four 
copction with Sulzer Bros. of Switzerland) and all control 


Consultants Freeman, Fox & Par 
Plant Consultants: Kennedy & Donkin 
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Steel mills of the type described above, and the 
many others which exist, carry with them the 
need for a host of auxiliary drives ranging in size 
from a few horsepower to a few hundred horse- 
power. The requirements of these auxiliary 
drives are as diverse as those of the main drives 
and can be equally exacting. In consequence 
many of them are powered by d.c. for much the 
same general reasons which dictate the use of 
d.c. for the main drives. 


Fig. 2 shows the finishing mill end of the motor 
room of a hot strip mill employing 8,000 kW of 
grid-controlled mercury-are rectifiers for the 
variable voltage main mill drives. 


Other applications 


Other industries and applications have their 
own particular problems which, though differing 
in functional duty from that of the steel mill, 
invariably resolve themselves into one or more of 
the same speed, torque or control problems. 


Inevitably there exists a twilight zone where the 
technical needs of the drive are not so exacting as 
to make the choice between a.c. and d.c. a clear 
issue. In such cases there can well be a changing 
pattern of practice with the emphasis swinging 
to and fro between the two systems as development 
and refinement of detail affect either performance 
or cost of one system or the other. 


Railway traction 

Probably one of the most hard fought battles 
between a.c. and d.c. has raged in the matter of 
railway traction. The significant requirements are : 
high starting torque ; wide speed range ; smooth 
control ; and reasonable maintenance costs—these 
coupled often with space and weight restrictions. 


Two main aspects need to be considered, 
one being the driving motor, the other the system 
to be employed in supplying power to the train. 
In the earlier days of railway electrification, before 
the concept of carrying a system converter on the 
train was envisaged, these two problems had to 
be taken together. 


In the beginning, then, the choice was between 
the undoubted advantages of the d.c. series motor 
and the equal attraction of high voltage low cost 
overhead a.c. contact line supplying the train. 


Expressed differently this also represented the 
choice between the high cost of low voltage d.c. 
conductor rail or overhead wire with converter 
stations at short intervals on the one hand, and the 
technical problem of producing a satisfactory a.c. 
traction motor on the other. The latter problem 
was overcome by the use of low frequency a.c., 
either 16§c’s or 25c/s, which carried with it the 
cost of a separate low frequency a.c. distribution 
system with either frequency changers to convert 
from the industrial supply frequency or a separate 
low frequency generating system. The use of 
electricity was less widespread in those days and 
integration of supplies over a large area, for one 
reason or another, had not received the attention 
it merited. The idea of a separate low frequency 
system in consequence was less repugnant than it 
is today, and low frequency a.c. traction accordingly 
gained a number of adherents. 


A satisfactory 50c/s a.c. traction motor has not 
yet emerged, but more recent developments in a.c. 
to d.c. conversion equipment have made it practic- 
able to re-appraise the use of a relatively high 
voltage a.c. supply direct to the train but at in- 
dustrial supply frequency, while still retaining the 
advantages of the d.c. traction motor. Such a 
system is in fact now being used in several countries, 
notably the U.K., France, India and Russia. 


The problems confronting the designer of an 
a.c. series traction motor stem mainly from the 
fact that at starting, while the train is still stationary, 
a voltage is induced in the rotor windings by 
transformer action between field and rotor. This 
leads to short circuit currents of a heavy order in 
the winding and from commutator to brushes when 
adjacent commutator bars are bridged. In order 
to limit these currents to a tolerable level the 
machine must be designed for a relatively low 
voltage. Again, considerations of commutation 
set a severe limit to the product of speed and 
frequency. Low speeds lead to a large number of 
poles and a multitude of brushes. The combination 
of low voltage and low speed results in a large, 
heavy machine with the inherently heavier main- 
tenance costs associated with a.c. commutators. 
Where the choice is untrammelled by considerations 
of the economics of one supply system or another, 
namely in diesel-electric traction, direct current is 
invariably employed. 
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Marine propulsion 


In electric ship propulsion the requirements 
differ from those of rail traction and vary according 
to the duties to be performed by the vessel. For 
tugs and ferries, where the emphasis lies on 
maneeuvrability, the ease and economy of control 
offered by d.c. frequently leads to its adoption. 


Other drives 
Fig. 3 shows one of four 300hp d.c. drives for 


ship-tank carriage propulsion used for testing 
model hulls. Ward-Leonard control is employed 


to give a speed range of the carriage from | ft/min 
to 50 ft/min. Such duty requires accurate speed 
control within 0.1 °, of any speed within this range. 

Somewhat akin to the traction problem is that 
of cranes, lifts, hoists and winders although the 
greater latitude presented by these drives imposes 
fewer restrictions on the selection of an alternative 
a.c. motor. In consequence both a.c. and d.c. 
are employed, depending upon individual cir- 
cumstances. The choice of d.c. may rest upon a 
requirement for smooth control or upon operating 
costs. 


Fig. 3—A  300hp 
variable-speed motor 
drive for propulsion 
of the carriage of a 
ship hull testing tank. 
(See June 1961 issue) 


D.C. TRANSMISSION 


In the face of steadily developing high voltage 
a.c. and d.c. techniques there can be no ready rules 
which will remain valid for any length of time, as 
to the economic line of demarcation between the 
two systems for the simple case of bulk trans- 
mission of power by overhead line. In any 
event power transmission, in common with most 


other problems, rarely presents itself in simplified 
form. 

It is felt to be more rewarding, therefore, to 
examine the principal advantages and limitations 
of d.c. transmission in order to gain some back- 
ground on which to hazard a guess as to the 
probable scale of its adoption. 


f nA = 


30 THE ENGLISH ELECTRIC JOURNAL 


The limitations are as follows :— 

(i) The receiving network must be capable of 
supplying the whole of the wattless com- 
ponent of the load and of the inverter. 
The d.c. line cannot transmit wattless kVA. 

(ii) It seems unlikely that circuit breakers 
suitable for d.c. transmission voltages will 
be capable of development. Paper designs 
for alternative switching devices (valves and 
capacitors) have been prepared but are 
likely to prove expensive. At present, 
therefore, d.c. is restricted to point-to- 
point transmission. 

The advantages are as follows :- 

(i) D.c. transmission provides an asynchronous 
link between two a.c. systems. This greatly 
simplifies the problem of stability and 
frequency control which arises when two 
large systems are linked by a.c. 

(ii) The flow of power through the d.c. link 
can be controlled independently of the 
line or system characteristics. 

(iii) The ease and speed of control make it 
possible for the d.c. link to add to the 
capacity of the receiving a.c. network 
without contributing significantly to_ its 
fault capacity. 

(iv) Dielectric losses in cable insulation are 
considerably less for d.c. than for a.c. 

It is a matter for speculation as to what extent 


there may be a demand in the world for the 
transmission of such large blocks of power over 


THE MEANS OF 


Many of the methods used for converting from 
a.c. to d.c. and vice versa are so well known as to 
need no comment other than a brief mention of 
their standing in present-day practice. Others, 
notably the mono-crystalline semi-conductor recti- 
fiers, are so new that a clear picture of their 
ultimate place in the scheme of things has not yet 
emerged. 


very long distances by overhead line as might make 
d.c. transmission necessary. Certainly such a 
requirement is unlikely to arise in the U.K., where 
the conditions more likely to lead to the adoption 
of d.c. transmission are those associated with 
cable transmission, e.g. crossing wide stretches of 
water or taking additional supplies into large 
built-up areas such as London. 


Elsewhere in the world the demand for d.c. 
transmission is of a somewhat tentative character. 
Schemes justifying its use generally involve large 
issues often of a sociological or political character 
in which decisions are not quickly made. Un- 
certainty has been a big deterrent to the develop- 
ment of d.c. transmission. 


Nevertheless some work has been done. A small 
scheme has been in operation for some years 
transmitting 20 MW of power from the mainland of 
Sweden tothe island of Getland, seventy miles away. 
The cross-Channel link between U.K. and France, 
with a capacity of 160 MW, is to be commissioned 
shortly, and an experimental line from Kashira 
to Moscow has been in service for a number of 
years. Work is proceeding on an 800 kV 700 MW 
line from Dombas to Stalingrad which was intended 
to provide a background of experience for an 
ambitious project for bringing the immense hydro- 
power resources of Siberia to Western Russia. 
It appears, however, that these plans have under- 
gone some revision and whilst the Dombas- 
Stalingrad scheme is to continue, present intentions 
appear to favour the development of industry at or 
near the site of the water power. 


CONVERSION 


Mechanical switching devices 


The synchronous commutator 


The synchronous commutator, a_ relatively 
crude but effective device, has endured for a 
number of years mainly for low current high 
voltage duty in flue gas precipitators. Its place 
is being taken by semi-conductor rectifiers. 
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The mechanical contact rectifier 

Developed in Germany during the war, the 
mechanical contact rectifier made use of syn- 
chronously operated butt contacts relying on 
saturable reactors in the phase leads to produce, 
by wave form distortion, a short period of zero 
current during which the contacts could be safely 
opened or closed. Metal-to-metal contact during 
the current conducting portion of the wave gave 
this rectifier a very high efficiency compared with 
other forms of conversion available at that time. 
Phase control gave it the attributes of the grid 


the Ward-Leonard system of variable voltage 
control of d.c. motors, consists of a variable 
voltage d.c. machine coupled to an a.c. motor. 
It is capable of conversion in either direction of 
power flow. The a.c. machine may be either an 
induction motor or a synchronous motor. 

The Ilgner set consists of an induction-motor- 
driven d.c. generator set with the addition of 
a flywheel to smooth out the peaks of load taken 
from, or the regenerated power fed back to, the 
a.c. system. 

Both the Ward-Leonard and Ilgner sets find 
use today in certain fields. 
The Ward-Leonard set to 
a large extent has, however, 
been supplanted by the 
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Fig. 4—Methods of excitation in single-anode mercury-arc_ rectifiers 


controlled mercury-are rectifier but inherently it 
was susceptible to a.c. system disturbances. The 
incidence of * backfires ° depended much upon the 
incidence of a.c. system transients. High speed 
short-circuiting of the main transformer under 
backfire was effective in limiting damage to the 
contacts. It found application principally in the 
electro-chemical industry, by reason of its high 
efficiency at low voltage. Its place has now been 
taken by mono-crystalline semi-conductor rectifiers 
with comparable efficiency, lower cost and simpler 
maintenance. 


Mechanical power converters 


The motor generator set 
The Ward-Leonard set, deriving its name from 


EXCITRON 


mercury-are rectifier. 


rotary converter and 


The 
motor converter 


It might be argued that 
neither of the above 
machines can truly be 
termed * mechanical power 
I converters.” However, since 

both are virtually outdated 
this is now a matter of 
academic significance only. 


Thermionic valves 

In the thermionic valve 
a heated filament provides 
a source of electrons which, 
in the hard vacuum valve 
is the main current carrier. A grid or grids 
interposed between the anode and cathode can be 
employed for continuous modulation of the 
electron and hence the current flow. In the gas- 
filled valve, such as the mercury thyratron and the 
hydrogen thyratron, the electrons produced at the 
heated filament serve as an exciting agent to 
ionise the molecules of gas or vapour present in the 
valves. It is the electrons resulting from ionisation 
of the gas or vapour which become the main current 
carrier and, because of their abundance, contribute 
to the relatively low voltage drop of this valve. 

A negatively charged grid between anode and 
cathode can serve to neutralise the positive field 
set up around the anode and to prevent current 
conduction between cathode and anode. When 
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both the grid and anode are made positive. 
electron flow to both takes place. Once established, 
however, this current path can only be broken 
by reducing the anode potential to zero ; manipula- 
tion of the grid potential is ineffective. The gas- 
filled valve is therefore said to have trigger 
characteristics, in that control of the grid potential 
can start a discharge from cathode to anode but 
cannot interrupt it once it is established. Such 
valves are used as rectifiers at ratings measured 
in tens of amperes and at voltages up to several 
thousand volts. Their scope of application to 
rectifier duty is likely, however. to be considerably 
curtailed as developments in controlled semi- 
conductors progress. 


Mercury-arc rectifiers 


The mechanism of operation of the mercury-are 
rectifier is similar to that of the gas-filled valve 
except that the filament is replaced by a mercury 
pool cathode and an auxiliary arc provides the 
excitation source. 

One, two, three or more main anodes may be 
accommodated in the same vacuum vessel which 
may be of glass or steel. 

Single-anode devices may be classified as 
*excitron or * ignitron according to the principle 
of excitation employed (Fig. 4). In the ignitron a 
new cathode spot is excited once in each cycle by a 
current pulse which passes from a permanently 
immersed igniter to the cathode mercury. ~* Ex- 
citron’ is simply the name given to a conventional 
mercury-are rectifier having one main anode. 
Most modern rectifiers are permanently sealed 
and dispense with the need for fitted vacuum 
pumps. Again, for industrial duty in this country 
air cooling is favoured in preference to water 
cooling. As in the case of the gas-filled valve 
a grid between anode and cathode may be em- 
ployed to impart trigger characteristics to the 
firing of the anodes. By progressive phase delay 
of the grid pulse the mean value of the d.c. output 
voltage can be reduced, accompanied by a corres- 
ponding phase shift of the current with respect 
to the applied a.c. voltage. ie. power factor 
reduction. 


Continued retardation of the grid phasing, 
beyond the condition for zero d.c. voltage results 
in reversal of the output voltage, but because of the 
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uni-directional conducting properties of the 
mercury-are rectifier valve no corresponding reverse 
current flows. Fig. 5 shows the effect of progressive 
retardation of grid firing from maximum d.c. 
output voltage through zero to maximum inverted 
voltage. 


While there can be no flow of reverse current 
through the valve, there can be a flow of positive 
current against the reverse voltage which con- 
stitutes the condition for reversal of power flow, 
that is from the d.c. side to the a.c. system. 

Thus in a reversing drive it is not possible to 
obtain reverse rotation of the motor by phasing 
the rectifier grids back to the condition for inver- 
sion. Reverse rotation can only be obtained by 
reversing the direction of current through the 
field or by changing the direction of current flow 
through the armature. Correspondingly, if it is 
desired to slow down a motor by regenerative 
braking there must be a reversal of power flow. 
If there is no change in field connections the 
polarity of the machine terminals remains un- 
changed whether it is motoring or generating. 
To satisfy the condition for reversal of power flow 
the direction of current flow through the armature 
must, therefore, reverse. 


Polarity requirements are thus identical for 
regenerative braking and for rotational reversal. 
These needs can be met in one of three ways, as 
shown by the circuit diagram of Fig. 6. 

(i) Cross-connected converters 

The first arrangement comprises two 
separate converters connected back-to-back 
across the motor terminals. For one direction 
of rotation converter A is phased for rectifier 
Operation to provide the motoring power. 
When it is desired to brake, the forward 
voltage of A is reduced to a level which is 
less than the motor back-e.m.f. and simul- 
taneously converter B is phased back to give an 
inverter back-e.m.f. Because of the charac- 
teristics of the valve, current cannot flow 
through A but it can through B. Inversion 
therefore takes place through B. Continued 
advance of the inverter phasing, to maintain 
a potential difference between motor and 
inverter, will sustain the braking torque 
on the motor until it is brought to rest. 
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Fig. 5—Effect of progressive retardation of grid-firing in a mercury-are rectifier 
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Further advance of the phasing of B will result 
in a steadily increasing forward voltage to 
accelerate the motor in the reverse direction. 
By suitably adjusting the rectifier voltage of 
one converter and the inverter voltage of the 
other a small circulating current can be made 
to flow from rectifier to inverter and the 
combination is then in a condition to supply 
motoring power or accept regenerated energy 
instantly in precisely the same manner as a 
Ward-Leonard set. Such an arrangement is 
employed when there is need to maintain 
machine control 
within fine limits 
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is similar to that of armature reversal except 
that the field polarity is reversed instead of the 
armature. 

Operation of the armature reversing switch 
in case (ii) and reversal of the field in case (iii) 
takes finite time. leading to a short period of 
zero Current representing delay in the application 
of braking torque. In the case of armature 
reversal the period of zero current may range from 
0.2 see to 0.5 see, depending on the type of switch 
employed. For field reversal the period may range 


in the face of 
rapidly changing 
torque conditions. 
for example on a 
tandem cold mill. 


(ii) Armature reversal 


In this arrange- 


ment a_ single 
converter fulfils 
the dual role of 
rectifier in- 
verter. When it is 
desired to brake. 
the grid impulses 
are phased back 
to the maximum 
inverter voltage. 
This reduces the 
current flowing to 
zero. Armature 
connections are 
then reversed and 
the converter grid 
impulses are ad- 
vanced in phase 
until the inverter voltage is slightly less than 
the motor back-e.m.f., whereupon braking 
current flows and the grids are progressively 
advanced to maintain braking as the motor 
back-e.m.f. falls. Continued phase advancing 
in the rectifier mode of operation accelerates 
the motor in the reverse direction. 


(iii) Field reversal 


In field reversal, the principal of operation 


ARMATURE REVERSAL 


CROSS CONNECTED CONVERTERS 


/ \ 


FIELD REVERSAL 


Fig. 6—Three arrangements for regenerative braking and rotational reversal 


from something under 0.4 sec to 1.0 sec, according 
to the type of motor and control arrangement. 

For applications involving frequent reversals, 
such as cogging mills, the choice is usually in 
favour of armature reversal. For winders and 
other drives, where fractions of a second are of less 
concern, the choice often falls on the field reversal 
scheme in which the need for polarity reversal 
in the heavy current circuit is avoided. 
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Semi-conductor rectifiers 


Semi-conductor devices fall into two broad 
classes. polycrystalline and monocrystalline. Copper 
oxide and selenium come within the first group: 
germanium and silicon in the second. 


Although the monocrystalline rectifier has 
taken over many of the duties formerly met by 
polycrystalline rectifiers, it seems probable that 
copper oxide and selenium cells will continue to 
find application on a limited scale. These devices 
are too well known to warrant detailed description. 

In the field of monocrystalline rectifiers ger- 
manium and, more recently, silicon are the two 
most promising materials. 

The mechanism of operation depends basically 
on the use of a material which in its purest, i.e. 
intrinsic form, is an insulator. On either side of 
this intrinsic layer the material is * doped with 
minute. controlled quantities of an impurity. On 


one side the added N-type impurity possesses one 
additional valence electron, on the other a different 
impurity element, P-type, has one less valence 
electron than the intrinsic body. With positive 
potential applied to the P side of the junction the 
spare electrons on the remote side are attracted 
across the junction, and conduction takes place. 
With reverse polarity the intrinsic layer suffers 
depletion of charge carriers and there is no current 
flow. 


In the case of germanium, valency 4 in the 
periodic table, the N-type additive may be antimony 
(valency 5) and the P-type impurity (valency 3). 
indium. 


Silicon, also a valency 4+ element. may be used 
in conjunction with arsenic or antimony as the 
N-type additive and aluminium as the P-type 
impurity. 


Since the basis of operation is founded on the 
use of controlled levels in 
minute quantity of specifically 
selected materials, it is clear that 


the most stringent precautions 
must be taken to achieve near- 


erfection in purity levels. 


Again, to avoid the conse- 


c 
quences of impurity segregation 


> at crystal boundaries. the basic 
| material, germanium, or silicon. 


| is used in the single crystal 
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form. 


NO CONDUCTION 


In manufacture it is often the 
case that the intrinsic germanium 
or silicon may be doped through- 
Out its volume with, say, N-type 
additive, and the P-type material 
in the form of foil is then alloyed 


to a controlled depth by fusion. 
At or near the limit of P-type 


penetration the density of P-type 


hes 9000 

iS 


atoms must balance the density of 
N-type atoms to form the rectify- 


ing junction. 


CONDUCTION 


Fig. 7—Four-layer P-N-P-N junction, 
giving trigger-type control characteristics 


NO CONDUCTION 


As a further stage of develop- 
ment such a device may be given 
trigger-type control characteristics 
similar to those of the gas-filled 
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valve and the grid-controlled mercury-are rectifier 
by arranging a four-layer PNPN junction (Fig. 7). 

For a number of reasons germanium proved to 
be a more tractable material to work with than 
silicon. For example, the melting temperature of 
germanium is appreciably lower than that of 
silicon; this simplifies the problems of close 
temperature control and of contamination during 
operations which have to be carried on at the melting 
temperature of the metal. For this reason practical 
conclusions were reached with germanium in 
advance of silicon. From preliminary considera- 
tions it was confidently expected that silicon would 
prove to be superior to germanium with respect to 
maximum permissible operating temperature and 
in relation to maximum reverse voltage withstand. 
Nevertheless the special problems associated with 
silicon encouraged many manufacturers to proceed 
with germanium as an interim solution. The lower 
forward voltage drop of germanium, about 
0-6V compared with about 1-2V for silicon, is 
offset by the higher voltage withstand of silicon 
except for use at comparatively low d.c. voltages. 

In the diode form the monocrystalline rectifier 
has already established itself for most industrial 
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power uses which do not require continuous 
voltage control, including that of the very heavy 
current electro-chemical industry. It has also 
gained considerable ground in its application to 
vehicle-mounted converters for traction purposes. 
For this reason the non-grid controlled mercury- 
are rectifier is rapidly approaching obsolescence. 

The controlled semi-conductor, or * pylistor’. 
is as yet being applied with discretion. It is 
being used with confidence in auxiliary circuits 
and in grid-controlled circuits for mercury-are 
rectifiers. The extent to which it may replace 
the grid-controlled mercury-are rectifier in heavy 
industry must be a matter for speculation until 
further experience is gained in the solution of the 
various technical and economic questions which it 
raises. 
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Price and Cost Analysis in Expanding 


Electrical Systems 


C. JAEGER, Dr. és Sc. techn.. Water Turbine Department 


METHODS USED BY SYSTEM PLANNING ENGI- 
NeFRS depend on the particular problem they 
are faced with. The calculus of variation and 
statistical methods are mainly used for short 
period planning of existing systems. The 
planning of expanding systems should be based 
on methods specifically developed for that 
purpose. A method is to be favoured which 
allows easy discussion when basic parameters 
such as capital costs, fuel costs, maintenance 
costs and market prices are likely to vary. 
It is suggested that a method based on * simple 
mathematical models may be helpful at the 
first stage of the enquiry. 

The method developed here was first thought 


of tor dealing with the economics of pumped 


storage, in correlation with other sources of 


energy. The versatility of the method when 
discussing other problems was shown in a 
series of papers, the last of them dealing with 
large electric systems where energy is generated 
by different means such as steam, atomic 
power, and hydro-power—each group of stations 
evolving independently accordance with 


costs and prices. 


The present article develops this method 


fron) its beginning ina logical sequence. 


NEW TECHNIQUE. electrical systems planning. 

and a new profession, that of the Planning 

Engineer. are rapidly developing. Tech- 
nique and profession tend to be highly specialised. 
A review of recent publications shows the great 
diversity of methods of investigation employed and 
of points of view developed by this profession. 


Short-range optimisation of an electrical system 
where energy is supplied from different sources 
usually covers a period of a week or so. Running 
costs alone—excluding capital charges—are con- 
sidered. Directly or indirectly, the methods used 
are based on the calculus of variation and on the 
basic equation of Euler with special conditions 
attached. The theoretical analysis of the method 
is not far advanced at present. and practical 
problems are solved by an extensive use of digital 
computers. 

Long-range optimisation of systems containing 
hydro-power capacity, over a period of a few 
months or even a few years. is based on statistics 
and probability calculations. The probability of 
water to be available or not available at a certain 
date is to be assessed. 

At present there is no coherent doctrine governing 
this wide field of research. and most efforts are 
directed to solving particular problems of limited 
scope. 

The planning problem to be considered in this 
article is of a different nature. It deals with the 
expansion of existing systems by addition of 
capacity or new sources of energy. Charges from 


capital costs are, in such a case, elements of major 
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Fig. 1\— Duration curve, and definition of load factor 


importance. Problems of this nature are usually 
treated by ordinary accountancy methods: 
balance sheets are drafted for several alternative 
designs. and costs and prices are compared. Should 
it not be possible to deal with this particular type of 
planning problem on more general lines? Much 
uncertainty is attached to costs and prices expected 
to prevail in a few years’ time : it is desirable to 
consider them as free parameters. varying within 
limits. and this could be done by using digital 
computing machines. 


Alternatively. a more general approach could 
be considered. namely. to use * simple mathe- 
matical medels* showing when costs and prices 
reach critical values. making a design uncom- 
petitive. 


When dealing in a recent Paper with the correla- 
tion of pumped storage with nuclear or with steam 
power. such a method of * simple mathematical 
models * was devised which was shown to be very 
Versatile. Further research demonstrated its 
adaptability to more general enquiries into problems 
of costs and prices in an expanding electrical 
system. Several Papers were published : the 
simpler cases initially developed showed the way 
to a more general exposition. 


The purpose of this article therefore is to 
summarise these previous publications. spread 
over several years, the better to show the principles 
on which this new method is based. 


Fig. 2—Electrical system re- 
solved into system components 


SYSTEM ANALYSIS AND SYSTEM LOAD 
FACTOR 


Whenever an existing electrical system has to be 
transformed or expanded. the first step will be to 
analyse the system and describe it. 


Basic equations** 


An electrical power system with a total installed 
capacity M and a varying load N can best be ) 
characterised by its system load factor @, (Fig. 1) 
1 

Ndt 
MT Jo 

where the period 7 may be a day. a week. or a year. 

In equation (1) the loads N can be classified in 
chronological order (as mostly required for detailed 
studies on the digital computer) or re-arranged to 
form a continuous load duration curve (Fig. 2). 
The system M. @, can be resolved into system 
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Fig. 3—Addition of base load 
Ny to an electrical system 


O 7 


Fig. 4— Addition of peak load 
Vp to an electrical system 


@=%=08to09 


Fig. 5—Tvpical system com- 
ponents for price estimates 


components characterised by their installed 


capacities N,. No..../ \;.... and their load factors 
....0; over the same period 7. For any 
partial load N, : 
0, Nin T (2 


where the maximum N. 


imax 


usually coincides with 


N, at time tO. Summation of the areas under 
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the system load duration curve shows that the 
theorem 


= 0,N, + .... +6,N,..-. ..(3) 


is general (Fig. 2). 


Addition of a new station to an existing system 

A new source of power with capacity N, and 
load factor @, is supposed to te added to the 
system M. @. The new system has a capacity 
M — Ng and it is assumed that @, remains 
unchanged since @, dces not depend directly on 
the installed capacity. Then. from Fig. 3 


0,(M + Ng) = 0,N, + + .. + 0,N, 


Condition of * no change °—Assuming that no load 
factor change is allowed to occur in any section 
I, 2.....i...... simple subtraction of equations 


(3) and (4) vields the conditions : 
NG, = anh ©, = (5) 


Case where the new source of energy causes a 
change in some of the systents components—The 
load factor @, of the system component JN, is 
supposed to te altered when introducing the new 
source Nz. Now. assuming that the rew load 
factor @, of the component N;, is @, = @ AO. 
then : 


0,(M — Ng) = 0,N, 0.N2+.... 
\0;) N; — .... + 


Comparing this equation with (3) vields 


When additional base load is being considered. 
and there isa drop of @; to 6, — A@. = 


When on the contrary a new peak load capacity 
N, is being added to the system. then similar 
equations lead to :- 


#, being smaller than @,. there is an_ increase 
Aé, of the @;. Old stations in the system will work 
for longer hours (Fig. 4). 


The theorems represented by equations (3). (4) 
and (6). also called * Theorems of Energy Areas °. 
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are general. They permit rapid and easy discussion 
of many problems related to loads in complex 
electric power systems. 


Price equations” 


A second group of equations can be added. 
namely. price equations such as 


Kv; 
i T el 


where T = 8760 hours = 1 year. k; = price 
of | kWh generated in a station characterised 
by (N,. 6,): k,; is the running cost for items 
as fuel and mainienance, per kWh in the 
same station. &k,, is supposed to depend 
on the energy (in kWh) generated. whereas 
K, is the cost per kW of installed capacity 
and r; a rate of interest. N, K, r; represents 
all yearly capital charges depending on the 
station capacity. Introducing a relative value 


which characterises the 
ei 
quality of the energy. the formula (7) can be 
written :— 


k, 


where ¢, varies from 0-15 for gas turbines to 
about 2-5 for nuclear power. with <,—0-15 to 
0-50 for steam power stations. When &,, is 
negligible compared with &; (for instance hydro 
power), then equation (7) becomes 


k, = 


type or 


Natural price scale in a system fed by one type 
of energy only 


Before going any further into the analysis of 
prices. the simple problem will be considered of the 
natural price scale in an electric system fed by one 
type of energy only. If the energy were generated 
at a load factor @=1, the price would be uniformly 
for the whole system :— 


k (1 — «)k,. 


o 


When, on the contrary, the system is composed 
of several components Np. N;. Np .... such as 


M = Ng Np.... with load factors 6,. 


6, ..... the energy prices will vary as 
k, es 


assuming k, (cost of fuel) to be the same for all 
components. 


In order to get an idea of how the ratio k; k,, 


045 050 O55 060 065 070 o75 & 


Fig. 6—Ratio of peak load prices to base load prices 
plotted against system load factor @, as shown in Fig. 5 


or kpk, (kp referring to peak load prices) can 
vary, a system (M @,) has been divided into three 
components Nz = N, = Np = M3 with 6, = 08 
and 0-9. 6, = 6, and @, varying with @, (equa- 
tion (2), Fig. 5). 6, is assumed to vary from 0-45 
to 0:75 and < from 0-15 to 2:5. The variations of 
k,/k,, are shown in diagram Fig. 6. 

Similar price scales are accepted policy in 


several countries. The table below shows the prices 
for electrical energy generated in the Swiss Alps. 


kp 
ko 
T | 
: | 
keT | 
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The prices are classified per month and vary for 
base load, average load. and peak load. This table 
compares well with Fig. 5. 


Market prices for electric energy at centre of consumption 
(Switzerland 1956) in pence per kWh. 


Winter 
Second 
Additional additional 
5 hr day 4 hr/day 4 hr/day 


120 hr month 95 hr/month 95 hr/month 


October .. 0-88 07% 068 
November. 098 O84 O70 
December . . 1:08 0-92 0:76 
“February .. ‘1-08 092 0% 
Summer 
Second 
Additional additional! 
24 hr day 34 hr/day 4 hr/day 


65 hr month 85 hr/month 90 hr month 


April 0:86 0-72 0-62 
“May 
June O52 O28 
August». 
“September.. 0-7 


SHIFTING OF POWER. ENERGY AND 
PRICES IN AN EXPANDING ELECTRIC 
SYSTEM WITH *n* COMPONENTS® 


The introduction of additional capacity ( \N, @) 
into an expanding system @,) has wider 
repercussions on the whole system. 


Any energy area (VM, @,) limited by a true 
duration curve (Fig. 7a) can be broken down into 
components Ng. Ni. Ny. Nag Np and 
all energy areas E; = N60, will be affected by a 
corresponding price k; per kilowatt-hour generated 


(Fig. 7c). The generating cost C, for each com- 
ponent is C; = N,Ok;T, and the total generating 
cost for the whole system C,,, = =C, has to be 
reduced to a minimum (Fig. 7d) following changes 
in energies, prices and costs year after year. as the 
system expands. The problem is obviously most 
complicated. Short cuts and approximation 
methods, as shown below, are highly desirable. 


Grouping of components® 


A preliminary remark will facilitate further 


discussion. It is assumed that an electric system 
characterised by 
M = +N,+N, 
Nx + N, (8) 
E = M0, = + .... + NO, 
NO, + .... + + NP, 


is modified so that the increase in capacity \N 

A Nx — AN, is concentrated on the components 
K and / only. Whatever the order of succession of 
the components under the duration curve. they 
can be grouped so that 


N, = Na +N,+Ne-.... +N,+N,- 
E V6, N.0, 
V0, N 0, (11) 
and 
VU N, + Nx (12) 
E = N,9, + + NO (13) 


When the capacity M is increased by AN, 
assuming @, to be constant, then :— 


M + Nx > ANx + AN, ..C14) 


E + SE=(M + =.N(0, + 
(0, — 


The changes of the capacities \.\V,, \.V, cause no 
change in the groups £, = 0)° 

In some cases the additional capacity 4‘ 
ANx ~ AN, causes no changes in the other 


4 

a 

‘= 
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components of the system and E, N.@,, remains 
unchanged (AE, = 0). Prices are supposed to be 
unaffected. Alternatively. changes occurring in E, 
and in the price pattern are neglected and the 
attention is concentrated on the components & and 
/ only. A great number of problems can be dis- 
cussed on these simplified assumptions where only 
two components A and / are considered. A special 
chapter will deal with such cases. 


The changes of the capacities \\,, \.\V, cause a 
change \F, to occur in the group £, (AF, 
N # 0) 


This is the general case: AE, can be positive or 
negative. When the system is mainly fed by hydro 
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Subtracting equation (13) from (15) yields : 


AE = ANO, = + + AE, 
where 
MEx = + Ny 
ME, — ANA@, ~ ~ 
AN = AN, + AN; 
and 
N, N, 


These equations can obviously be exiended to 
more than two stations like. A. /....whose capacity 
is being modified. When there is only one station 


power. there will be an effort to increase. if to be modified (AN, > 0. 4 N, = 0). then 
possible. the energy to be obtained from existing 
stations (AE, 0). When the system is fed mainly (16a) 
by steam stations. it will be a good policy to . N° N, N, N, 
aT 
| 
M Mrs | M Z 
Ns Ne 
k 0 T 
7d 7¢ 7b 7a 
Fig. 7—Electrical system resolved into components (c — costs) 


decrease the energy generated by old. less efficient 
stations, and AE, may be negative. Negative 
AE, values may also occur if pumped storage is 
introduced and energy absorbed from the system 
for pumping. 


where 6, is the load factor of the new component 
ANx. This equation (16a) is obviously identical 
with equation (3). 

The group of stations N, can be analysed 
further. Let it be assumed that it is formed by two 


« 
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different types of stations. The energy delivered 
by the stations N,. N, .... is supposed to be the 
same before and after extension. This is often the 
case for hydro-power stations which are already 
fully equipped. All the E, = — .... 
remain unchanged. Other stations like N; ... 
will have their energy output modified so that 
where \@, can be positive or negative. 
Therefore a further analysis becomes necessary. 
writing that :— 


AE, = = + 
+ SN, + ....)0, — 


The equation of costs and prices® 


Before any change occurs in the system, the 
equation of costs is (7 — | year — 8760 hours) : 


N0,Tk, Th 


After the extension of the system the equation 
becomes : 


= N,0, Tk, + N.0.Tk: 
— 40,)Tk, ~ NO, Tk, 
(Ex — ky + (E, + AEDk; 


be true generating costs including all costs and 
expenses, or they can be running costs or market 
prices (then called kj. k:. 
pending on the problem to be discussed. All the 
.... ME. AE) .... are obtained as 
indicated in the previous chapters and paragraphs. 
The equations (17) and (17a) include all the terms 
Na, Ne Ny Ny Ney Ny 
absolutely general. 

When discussing cost and price problems from 
the angle of power generation, it can be assumed 
that some of the k do not vary and that k; = ky. 
k, — ky .... The differential generating cost 

AC, Cree. 
shows that all terms like N, 6, T7k,, No 0.7 ky, can 
then be cancelled. 


The problem is either to minimise AC,,, or. 
when market prices k” are considered, to maximise 
the sum total of = — — NO, Tk, 

The generating costs before expansion of the 
system like * 7°, for which AN, = 0. are :- 


+k,; . and 
. 
after expansion. 


k, 
— \0.)T 


The differential cost of the energy generated before 
and after the change is :— 


AC; = NAO, + Tk, — N,0,Tk 
k NAO 
— | 
N,T (0, — 
In the case where k,; — k,,; or where k,, — k 0 


(hydro power). the differential cost is reduced to : 

AC, — N,A0,Tk,;. a very simple expression. 
When. on the contrary. a component ky, is being 
considered. where capacity 
(AN, # 0), then :— 


changes occur 


AN kT | 
A AO, 


Ox 
= TK — AN Kgry 
(assuming the prices k., and k,, to be the same). 
Very often, in first approximation, == can 
be set. and 
ACK = [Ng + AN, + Thx 
ANg 
ACK AEx Kxrg 


a simplified formula, the meaning of which is 
obvious. It must be stressed that it is a simplified 
formula. 


K 
= 

= 

4 
K 


SOME PRICE AND COST PROBLEMS 


Price and cost equations when the capacity of one 
system component (.V,0,) is increased, the 
component being considered isolatedly 


A system component 


is generating 


Kir; 
—k,,. The component's 


el 


energy at a price 
capacity is increased to N, — \N and K; is the cost 
per additional kW. In order to be acceptable. the 
new energy price should be ruled by the equation : 
N,K,r; ANK;r; 
(N, 
Kir 
+ 
6.T 
Assuming k,, ~ k,,; leads to the condition : 
AN K; 
N, K; 
(1 AN NUL 


46, N; + =) 
é, ( AN 

Introducing the definition of AE, = AN6, 
(NV, — AN )A@, as given before. it can be shown that 


K; 
< 
K 


i. 


/E,= 365 6, Nz 
Oo t* 


Fig. 8—Run-of-river station. Definition of station load factor 9, 


Ng=mox installed 
/\ | Capocity 
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is the condition for the increase in capacity to be 
economical. 

The value of % depends largely on the amount of 
energy generated by the additional capacity JN. In 
the case of JE; being AE; — 

K, 
K; 


which is an obvious result. 


Economic capacity of a conventional run-of-the- 
river station® 

This case has been dealt with in several previous 
papers. The approach can be either direct—on 
principles of simple accountancy—or as a special 
case of the previous equations. The final result is 
given by the following relation (see Fig. 8) :— 

ANKr E Kr 3650, 

k NKr AE Kr(365-1°) 
where 6° is the station load factor as determined 
by the flow duration curve in the river, and the 
corresponding power duration curve. T = 365 days 
and 1 is the number of days per year when the flow 
in the river is less than the design flow (see Fig. 8). 


Comparative prices for two alternative combinations 
of power generation**° 


An energy E = M@,T has to be generated either 
by one source only covering the total demand at 
a cost of k per unit (total cost C,,, = kM@,T), 
or alternatively by a compound system of sources 
(.V,0, — ....)T = E. each source showing 

its own generating cost k,. ky 
etc. Then if k. is the average cost 
per unit generated in the compound 


system. 
k.0.MT k,0,N,T ~ 
+ 
and the ratio 
k. k,0,N, 
 kOM 


determines which solution is the cheaper. 


When the compound system is 


limited to two sources, a base load Nz 


44 
or 
K; ( =) N, AO, 
t 
Power duration | 
3 
Curve 
N 
J 
5 days 
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and a peak load N,, then k, = kg p and 
kp kpOpNp kp 
k 


For the case when the base load Nz, is the same 


type as M(K, Kandk., = k,). then :— 
Kr 
ile, 
kp P kpOpN P N B 
k Kr M 
Je. 


an equation which is of immediate use when 
deciding on the type of energy to be used to cover 
the peak load requirements of an electric system. 

For any combination of base load B and peak 
load P to be more economical than a single source. 
the ratio kg. p A must be smaller than one and 

Kp 0M | | 3 ‘| | 

k | 13) 

A similar equation has been developed for the 
case when the generating costs k, are negligible 
compared with Ar (e.g.. hydro power). The ratio 
then becomes (7 *°) :— 

k M M 
which has been represented graphically in Fig. 9 
for a combination of pumped energy with 
ordinary hydro power or nuclear power. On this 
figure the ratios N,/ M are taken to give the best 
generating conditions. Fig. 9 shows for example 
that for #, 0-65 and kp /k = 3a saving of 8°, is 
achieved by using the compound system (B — P) 
instead of one source of power only covering the 
whole demand. 

Other equations can be written to analyse 
problems concerning the most economical choice 
for a marginal increase \N of power which could 
be either of the B-type or of the P-type’. 


PUMPED STORAGE CAPACITY* 


The analysis of the economics of pumped 
storage capacity is a special case of the general 


* The different types of pumped storage i.e. daily, 
weekly or seasonal pumped storage, pure pumped 
storage or mixed pumped storage, and their advantages 
and uses, have been commented on in detai! in previous 
papers, mainly numbers 2, 4, 5, and 8 of the Bibliography. 


tn 


price theory developed in the previous chapters. 
It is not without interest that the economics 
of pumped storage and the correlation of 
pumped storage to the different types of base load 
(steam power. nuclear power. and hydro base 
load) were the first problems to be investigated 
with the so-called method of * simple mathematical 
models*. The whole theory was developed 
assuming that the changes which may occur in the 
other components of the electric system do not 
affect the problem of prices of pumped energy 
or are accounted for specially. This restrictive 
hypothesis will be maintained here. too. 


In principle. pumped storage should be analysed 
with the help of the daily and weekly load diagrams. 
the load variations being taken in chronological 
order. However. much of the discussion can be 
carried out with the help of duration curves, which 
are easier to deal with and can be represented by 
an adequate mathematical function. 


The Soschinski function or curve (Fig. 10) 


N ™ 


simulates fairly well the actual time duration 
curves of several large European electrical systems. 
and it is suggested that it can be used for research 
on the economics of expanding systems. This curve 
shows that the load N depends on the time 
<1 <T). 


The main parameter is @, the system load 
factor. 6, is the ratio of the minimum load #7 to 
the maximum load i.e. 8, =m M. Usually @, 
can be taken as to 67° (exceptionally 
All figures and results mentioned in this article are 
for 6, = 6%. The load factor @ and the @, ratio 
characterise a load system and are supposed to be 
known from existing data. Experience shows that 
8 and @, change only slowly and steadily. with 
expanding development of the system and indus- 
trialisation of a country. 


The basic problem of pumped storage>* 


It is assumed that an electric system has a 
capacity M (M = 1) and a system load factor 
@.< 1. A base load station with capacity N,, is 
running day and night with a load factor of @, — |. 
Any energy produced in excess at night time (or 


. 
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4 
Kear p=K 
| | 8 P BN 
0-9 
O07 + 
0-6 | 
0-55 0-65 0-75 
Fig. 9—Price ratio Kg — p Kg plotted against 2 
for a system with two components only Ke N; 
Ke Kes 


during the wet season) is used for pumping water 
in a reservoir to produce peak load when required. 
Fig. 11 shows conditions where all the excess 
energy is being used for this purpose. 

Assuming the load duration curve to be a 
Soschinski curve. the area A, representing the 
energy generated by the pumping station, can be 
shown to be :— 


A,=(0—0,)M“' 


where M = N, — Ni. 


to a certain time 7. 
pump is :— 


A, ty) Mi(1 ty) 
(1 


a 


This value A, corresponds 
The energy required by the 


M(1 —8@) 
9)) 


Pas 
K i 
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drawn for M = N, N,;=1 and 


, = 0-7. It is found that. if 


ANNUAL LOAD Factor 36'6% 


0-55, 0-42. and if — 0-65 
then N; — 0-33. When tracing this 


o 


diagram it has been assumed that 
the duration curve @, can be correctly 


described by a Soschinski curve. 


3 Generalisation of the previous 
problem>* 
7} The cost of the hydro-electric 


machinery required by a pumping 
station is only part of the overall 


costs. Civil engineering items— 
dams. pressure shafts and pipelines 


uw 


—are often more costly parts 
of the design: this is a reason for 


SYSTEM LOAD (THOUSAND MEGAWATTS) 
Lu 


equipping pumped storage stations 
to the full capacity Nj as required 


3 for 6, | and ideal working con- 
ditions. 
2 | t Should the hydro-electric 
| | machinery not suffice for running 
— 4 the station under optimum con- 
| | ditions, then diagrams and equations 
0 | | | | | | can be developed for @, < 1. as 
0 ' 2 3 a 5 6 8 9 


THOUSANDS OF HOURS 


Fig. 10—Soschinski curve adjusted to an actual 
duration curve. The annual load factor is 36-6°, 


Soschinski curve 
System load duration curve 
Probability curve 


For complete utilisation of all available energy, 
= t, and N,= N.. In addition, if is the overall 
efficiency of the pumping station, then 4, — % Ay is 
the condition which solves the problem shown in 
Fig. 11. 


Fig. 12 shows the capacities V,, of the base load 
station. VN; of the generating side of the pumping 
station and N of the pumps and the factor @, 
of the energy generated by the pumping station 
for varying @, values. This diagram has been 


shown on Fig. 13. 
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Fig. 11—Basic diagram for pumped storage 


The analysis of pumped storage can easily 
proceed further. The effect of different overall 
pumping efficiencies, and the effect of a time lag 
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Fig. 12—Ny. Nj. Ni. and 6 plotted against ®, 
estimated on basis of assumptions shown on Fig. 11 


NANA, N A 
+ - 
AN Nz 
No 
Nrin ‘ y / 
; 0 =365 days 
Fig. 14—Adding pumped stor- 
age to run-of-river station 
Pumping sets on run-of-river stations : 
chains of pumped storage stations® 
| | The advantages of having a chain of pumping 
055 0-65 075. 9, Stations installed on the same river system— 


pumping from one lower reservoir through a chain 
of intermediary reservoirs to the uppermost head 
reservoir—have been recognised in the past for 
high-head stations. The Schluchsee Werke in 
Bavaria are a classical example?. 

The system analysis has shown 
that pumping sets also 
be established run-of-river 
stations®. Fig. 14 shows how a 


low-head base load station with 
generating capacity Nz, could be 


converted to peak load generation 
by including reversible pumping- 
generating sets (Kaplan or Dériaz 
reversible turbines) with capacity 


N-N' 

| 

| 

M=/ 

! 
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Fig. 13—Alternative solution for pumped storage 


between the pumping cycle and the generating 
cycle can be studied. 

The importance of friction losses in the pressure 
conduits, tunnels and pipes. is of great importance. 
It has been shown elsewhere how friction losses 
limit the final capacity of pumping systems!°. 


AN. The economics of such sys- 
tems have been studied with the 
method of * simple mathematical 
models *. and conditions for such 
a design to be a paying proposi- 
tion have been established. 

It has also been shown that a chain of low head 
or medium head pumping-generating stations 
could be established along a river to achieve even 
greater economic advantages (Fig. 15). 

Two years after this solution was first developed 
ata meeting of the Canadian Institute of Engineers’ 
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(Quebec. 1958). the same idea was 
submitted by Polish engineers at the 
World Power Conference Sectional 
Meeting. Madrid 1960, thus showing its 
economic interest. 


Correlating of hydro power and pumped 
storage with nuclear 


Nuclear power is definitely in the 
ascendancy. But, for the time being, 
its economic advantages are not 
sufficiently obvious for this solution to 
be widely accepted under present con- 
ditions. Spectacular advances have been 
realised by designers of conventional 
steam plant, and the bold British nuclear 
programme had to be slowed down. 


Additional advantages could be gained 
by combining nuclear power with pumped 
storage. or even with conventional 
hydro power. The designers of nuclear 
power stations base their tentative cost 
and price estimates on the assumption 
that nuclear power will run at a load 
factor > @. For 0-4 to 0:5 
(in England — 0-4) a4, — 0-70 to 0-75 
is usually considered acceptable. This @, 
is substantially less than the technically 


15—Chain of pumped storage stations on a river 


Combining pumped storage and 


possible load factor. Experience gained in the 
United Kingdom and in the United States combine 
to show that load factors of 0-85 or even 0-90 are 


technically possible. 


The problem is then to estimate the economic 
advantage of running nuclear stations with a load 
factor @ higher than those basically assumed by 


official designers. 
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A first attempt to solve the problem for 6, — | 
was published in 1958. Subsequently a more 
realistic approach was made and submitted to the 
Madrid meeting of the World Power Conference’. 
Assuming, to start with, that the nuclear station is 
running with a load factor 6, the economics of 
increasing @ to 6 — A@ were investigated, (a) under 
the assumption that the nuclear power station is 
linked to a hydro power generating station, and (b) 
that the nuclear station furnishes base load to a 
pumping station. Figs. 16 and 17 show how the 
whole problem can be analysed with the help of 
simplified diagrams. 


Fig. 17—Combining 
hydro power peak load 
and nuclear base load 


(T = 365 days) 


Let K be the cost of | kW installed capacity. 
nuclear. \K the cost of | kW capacity pumped 
storage or conventional hydro power with Ak 
AK K, AN the additional capacity. pumped storage 
generating capacity or hydro power capacity. and 
An = \N M(M = nuclear power capacity). 


k. = cost of nuclear fuel. <p» — overall pumping 
efficiency. 6, = 1, T = load factor of the pumping 
station or hydro power station, %. — generating cost 
ratio for unit prices with and without additional 
hydro or pumped storage capacity. 


Then :— 

Tek (1 — An) cp Me 
Kr 

Tek. 
with 


for pumped storage. 
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When the additional power source is conventional 
hydro power. the ratio % should be :— 
Kr( — AnAk) 
Tek (1 An) 


‘ Kr 
TOk. 
with 
— 1,) = MAO. 


It can be calculated that with a mere \@ — 0-1 
(say @ increasing from 0-75 to 0-85) a substantial 
saving is possible. 


METHODS USED BY SYSTEM PLANNING ENGINEERS 
depend on the particular problem they are faced 
with, 


The planning of expanding systems should be 
based on methods specifically developed for that 
purpose. Any prediction of costs and prices or 
market prices in the future—say four to five years— 
is somewhat uncertain. A method which allows 
easy discussion when basic parameters. such as 
prices. vary is to be favoured. 


Capacities. energies and prices in an electric 
system with many components can be interpreted 
by simple equations or diagrams. These have to 
be handled by the method in such a way that the 
discussion of economic advantages becomes 
possible. Introduction of convenient—dimension- 
less—parameters may be helpful. 


The method developed here was first thought of 
for dealing with the economics of pumped storage 
*34_ Its versatility when discussing other problems 
was shown in two subsequent papers”, 


e 
an 
— — — — min 
— = = 4am>—— 
: m = Bate 
A 


A whole theory could be developed now by 
systematically re-writing all the preceding papers. 
This final article is intended to summarise and 
outline this method. 

Planning of electrical systems is occasionally 
being taught at some universities. Few textbooks 
are available. The time is now approaching when 
the whole subject could be dealt with as a practical 
example for modern economic planning. 


BIBLIOGRAPHY 


The following papers, all by the author. are 
referred to in the text and free use has been made 
of extracts, particularly from ° and ®. 


' The Economics of Pumped Storage’. Water 
Power. February March, 1957. 


THE ENGLISH ELECTRIC JOURNAL 


The Correlation of Nuclear, Thermal and 
Pumped Storage Capacity*. Water Power. 
June July August, 1958. 


* Pumped Storage Capacity Correlated to Base 


Load Electric Energy : A Simplified Mathe- 
matical Approach’. I.C.E. (London). Paper 
No. 6384. Vol. 14. November 1959. 

* Some Problems in Using Pumped Storage for 
Modern Power Developments*. Civil Engi- 
neering (London). January February March 
April 1960. 

* The Analysis of Large Expanding Electric 
Systems *. British Power Engineering. Volume 
1, September & October 1960. 

* Planning of Expanding Electrical Systems’. 
Water Power. Vol. No. 4. April 1961. 

* Pumped Storage’. The Engineering Journal 
(Montreal), June 1958. 

“ The Future of Pumped Storage’. Electrical 
Review. London. 25th December 1959. 


| 
| 51 
: 


THE 


ENGLISH ELECTRIC 


COMPANY LIMITED 


ALLIED AND ASSOCIATED COMPANIES 
D. Napier & Son, Ltd. 


and its Subsidiaries 
Marconi’s Wireless Telegraph Company, Ltd. 
and its Subsidiaries 
The Marconi International Marine Communication Company, Ltd. 
and its Subsidiaries 
The Vulcan Foundry Ltd. 

Robert Stephenson & Hawthorns Ltd. 
English Electric Export & Trading Co., Ltd. 
English Electric Valve Co. Ltd. 

W. H. Dorman & Company, Ltd. 

W. G. Bagnall Limited 
The English Electric Corporation 
Compagnie Continentale d’Equipments Electriques 
Canadian Marconi Company. 

John Inglis Co., Limited, Toronto. 


English Electric Canada, 
(A division of John Inglis Co. Ltd.) 


The English Electric Company of South Africa (Proprietary), Ltd. 
The English Electric Company (Central Africa) (Private), Ltd. 

English Electric de Venezuela, C.A. 

The English Electric Company of India (Private), Ltd. 

The English Electric Company of Australia Pty. Ltd. 

The English Electric Company of New Zealand Ltd. 
English Electric Espanola S.A. 

English Electrica de Portugal Limitada. 
English Electric Marconi Argentina S.R.L. 


British Aircraft Corporation Limited 
and its Subsidiaries 


The English Electric, Babcock & Wilcox and Taylor Woodrow Atomic Power Construction Co. Ltd. 


PRODUCTS OF THE ENGLISH ELECTRIC COMPANY LIMITED 
Generating Plant—Steam, Hydraulic, Atomic, Gas Turbine or Diesel. Transformers, Rectifiers. 
Switchgear and Fusegear. Electric Motors. Industrial Electrification. Welding Equipment. 
Electric and Diesel-electric Traction. Marine Propulsion and Auxiliaries. Aircraft. Aircraft 
Equipment. Data Processing Equipment. Industrial Electronic Equipment. Meters, Relays 

and Instruments. | Domestic Electrical Appliances. 


= 
Shy 
4 
the 
aye 
is 


Printed in Great Britain by Straker Brothers Limited. 


4 
=, 
\ 
| 
q 
gq 
‘ 
2 a 
q 
i 
‘ 


